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With the rapid increase in the use of marine protected areas, there is a need to better understand 
the value they offer top predators. However, in Aotearoa (New Zealand), no research has 
previously investigated the effects of marine reserves (i.e. Type 1 Marine Protected Areas) on 
such species. Research on marine reserves in New Zealand has generally focused on 
commercially important species, such as blue cod (Parapercis colias), snapper (Pagrus 
auratus), and spiny lobster (Jasus edwardsii). Considering there are 44 marine reserves of 
varying characteristics that overlap with the distribution of several coastal shark species, New 
Zealand presents an ideal location to research the effects of marine reserves on top predators. 
This study used a non-invasive methodology to investigate the effect of six marine reserves on 
the distribution of coastal shark species. Baited remote underwater video (BRUV) systems 
were deployed in 317 sites over two distinct regions: 192 sites in Ata Whenua (Fiordland) from 
July 2018 to December 2019, and 125 sites in Whaka ā Te Wera (Paterson Inlet), Rakiura 
(Stewart Island), from February 2018 to November 2019. A generalized linear modelling 
(GLM) approach was used to assess the effect of the marine reserves on two trophic levels of 
sharks in Fiordland. Firstly, GLM was used to assess the effect of protection on the combined 
relative abundance of the most common mesopredatory sharks detected. These species 
included the spiny dogfish (Squalus acanthias), school shark (Galeorhinus galeus), and carpet 
shark (Cephaloscyllium isabellum). A significant effect of the marine reserves was evident for 
mesopredators, suggesting marine reserves have led to an increase in their abundance or a 
change in distribution. Secondly, GLM was used to assess the effect of protection on the 
presence of broadnose sevengill sharks (Notorynchus cepedianus) and by contrast, there was 
no significant effect detected. For the Stewart Island data, a species distribution modelling 
approach was used to assess the fine scale effects of the Te Wharawhara (Ulva Island) Marine 
Reserve on the relative abundance of sevengill sharks. Again, no significant effect was evident. 
Given the marine reserves sampled are relatively small (< 40 km2), they appear to provide 
minimal conservation benefits for the large and mobile sevengill shark. In comparison, 
mesopredatory sharks with smaller home ranges may be completely protected in marine 
reserves, possibly allowing their populations to increase. These findings suggest that to be 
effective for shark conservation, marine reserves need to be appropriately sized for the ranging 
behaviour of the species intended to be protected. This study is the first of its kind to assess the 
effect of marine reserves on coastal sharks in New Zealand, and the first attempt to quantify 
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Chapter 1: General Introduction 
 
1.1. Anthropogenic impacts on the marine environment 
Since prehistoric times, humans have exploited the oceans for their natural resources (Sahrhage 
& Lundbeck 2012). However, over the last century the rate of population growth and 
technological advancements have increased exponentially, imposing unprecedented pressure 
on the marine environment (Jackson et al. 2001, Pauly et al. 2005, Butchart et al. 2010, 
Anticamara et al. 2011, Duarte et al. 2020). Although ocean resources were once viewed as 
boundless, the cumulative effect of century-long pressures of hunting, overfishing, and habitat 
degradation, as well as the more recent pressures of climate change and pollution, have caused 
drastic adverse changes (Duarte et al. 2020). Tragically, many marine species, habitats, and 
ecosystems have declined and, in some cases, even disappeared (Jackson et al. 2001, Lotze & 
Worm 2009, McCauley et al. 2015, Duarte et al. 2020). As the ocean is integral to the overall 
health of the planet and for millions of human lives by providing employment in trade and food 
security (Pontecorvo et al. 1980, Dyck & Sumaila 2010, FAO 2018), our current challenge is 
to implement sustainable marine practices that benefit both us and the natural environment.  
 
1.2. Protecting marine habitats for conservation 
Historically, to maintain catch when stocks had depleted or collapsed, fisheries have expanded 
into waters further offshore (Campaign 1998), explored deeper habitats (Koslow et al. 2000), 
or switched to species further down the food chain (Pauly et al. 1998, Swartz et al. 2010). The 
exponential development in technology has left few refuges beyond the reach of fisheries 
(Pauly et al. 2005). With this increasing threat of the depletion and possibly exhaustion of 
marine resources, protecting marine areas from anthropogenic impacts is a vital step for 
conservation and the future sustainability of the oceans (Pauly et al. 2003). Instead of fisheries 
continuing to harvest from unsustainable stocks, fish can be obtained from sustainably rebuilt 
populations that spill out of protected areas (Gell & Roberts 2003). This has the significant 
potential to not only insure against failures in fisheries management (e.g., Myers et al. 1997, 
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Acheson & Gardner 2014), but to also assist with mitigating other broader anthropogenic 












Figure 1.1. Increase in marine protected areas (MPAs) designated globally (a) Distribution and growth 
of MPAs in approximate increments of decades. (b) Percentage of Earth’s oceans protected in MPAs 
over time. Both figures are adapted from Duarte et al. (2020). 
 
Over the past few decades, the use of marine protected areas (MPAs) has increased 
exponentially (Figure 1.1). As of December 2020, 7.66% of the oceans across the globe are 
covered by MPAs (UNEP-WCMC 2020). This current growth is on track to meet ambitious 
targets: 30% of ocean area protected by 2037 and 50% by 2044 (Duarte et al. 2020). Such a 
rapid increase in the use and the projected growth of MPAs are testament to their importance 
for marine conservation. MPAs can mitigate the direct and destructive impacts of overfishing 
and habitat degradation by helping to rejuvenate habitats, restore natural states of biodiversity, 
and increase ecosystem stability (Duarte et al. 2020). Consequentially, these effects increase 
ecological resilience to other broad impacts such as climate change and pollution (Micheli & 
Halpern 2005, Cheng et al. 2019). As our baselines of natural and healthy ecosystems continue 
to shift over time (Pauly 1995), protected areas also present scientists with a control to monitor 
unprotected habitats, as well as offer additional economic benefits through tourism (Sala et al. 
2013), stock increases and spillover for fisheries (Gell & Roberts 2003). 
 
It is important to apply a cautionary note to the nomenclature of MPAs as the term is used to 
describe an umbrella of spatial management with varying levels of protection (Davies et al. 
2012). For instance, a study in 2015 highlighted that although 71% of assessed MPAs had been 




these MPAs allowed fishing (Costello & Ballantine 2015). The use of the term MPA can 
therefore be ambiguous and potentially misleading as they represent a broad spectrum of 
marine protection. To clarify the protection afforded, MPAs can be categorised very broadly 
into two types: “no-take MPAs” (also known as “marine reserves”, “Type-1 MPAs” in New 
Zealand, and “Type Ia, Ib, II, III MPAs” by the IUCN), and “partially protected MPAs” (also 
known as “Type-2 MPAs” in New Zealand and “Type IV, V, VI MPAs” by the IUCN) (Sala 
& Giakoumi 2018, Day et al. 2019, DOC 2019). As the names imply, no-take MPAs or marine 
reserves (MRs) are zoned areas where fishing or any other form of extractive or destructive 
activity is completely prohibited. This is in contrast to partially protected MPAs that allow 
extractive activities, such as fishing or mining, to varying degrees (Sala & Giakoumi 2018, 
DOC 2019). If MRs are the only form of MPA considered, then as of March 2020, only 2.6% 
of the global oceans were completely protected from fishing and any form of extractive activity 
(MCI 2020).  
 
1.3. Marine reserves  
Given the complete protection of marine species and ecosystems within MRs, they are 
considered to be significantly more effective in comparison to partially protected areas (Lester 
& Halpern 2008, Lester et al. 2009, Davies et al. 2012, Sala & Giakoumi 2018). A meta-
analysis of empirical studies found that, on average, MRs resulted in 670% greater fish biomass 
than in adjacent unprotected areas, and 343% greater than in partially protected MPAs (Sala & 
Giakoumi 2018). There is a significant body of scientific evidence demonstrating the benefits 
of MRs for both conservation (Côté et al. 2001, Micheli & Halpern 2005, Lester et al. 2009, 
Costello 2014, Cheng et al. 2019) and fisheries management (Gell & Roberts 2003, Russ & 
Alcala 2011). Moreover, studies of a range of marine species and populations from across the 
world have shown significant increases inside MRs compared with areas outside and/or prior 
to the MR designation. This has been demonstrated in Africa (e.g., Kaunda-Arara & Ross 2004, 
Cole et al. 2011), Asia (Lau et al. 2011), Australia/Oceania (Evans & Russ 2004, McCook et 
al. 2010), Europe (García-Charton et al. 2004, Libralato et al. 2010), North America (Rogers-
Bennett et al. 2013), and South America (Garla et al. 2006). Furthermore, studies of the global 
synthesis of empirical MR research (e.g., Halpern 2003, Lester & Halpern 2008, Lester et al. 
2009, Babcock et al. 2010, Costello 2014, Sala & Giakoumi 2018, Cheng et al. 2019) 
concluded that the beneficial effects of MRs are universal, benefiting not only population 
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numbers and biomass, but also species richness, organism size, reproductive capabilities, and 
community structure.  
 
1.4. Potential for conserving top predators 
With limited resources and funding for conservation research, priority for MR monitoring is 
primarily given to high-value fish and invertebrate stocks. As an example, in New Zealand 
(NZ) these species include blue cod (Parapercis colias), snapper (Pagrus auratus), and spiny 
rock lobster (Jasus edwardsii) (e.g., Kelly et al. 2000, Davidson & Richards 2013, Davidson 
et al. 2013, Smith et al. 2014). Given such species are usually exploited or fished, they can 
directly benefit from protection and thus the effects of MRs can be clearly and more rapidly 
demonstrated (Lester et al. 2009, Babcock et al. 2010). In contrast, research into the indirect 
effects of MRs on the whole ecosystem and non-targeted species is less established (Babcock 
et al. 2010). This is particularly evident for high trophic level species such as elasmobranchs, 
seabirds, and marine mammals (Hooker & Gerber 2004).  
 
Previous analyses show that highly mobile species are among the most threatened taxa in the 
oceans (e.g., Schipper et al 2008, Croxall et al. 2012, Dulvy et al. 2014). Whilst these threats 
are concerning because of the cascading and potentially detrimental effects when top predators 
are removed from an ecosystem (Shepherd & Myers 2005, Heithaus et al. 2007, Ferretti et al. 
2010), the potential of MRs for conserving and sustaining such species is not well understood 
(Hooker & Gerber 2004, Chapman et al. 2013). It is therefore essential to research the effects 
of spatial-based management on their distribution. For instance, research into the effect of MRs 
on top predators could help to understand the efficacy of MRs from a wider ecosystem-based 
management perspective.  
 
Due to the typically small size of MRs, they are generally considered ineffective for protecting 
highly mobile animals with large home ranges (Kramer & Chapman 1999, Stefansson & 
Rosenberg 2005, Weeks et al. 2017). Top marine predators, for example, can have distributions 
that span entire ocean basins (Block et al. 2011), so it is impractical to effectively designate a 
MR to cover their entire home range. However, limited spatial protection that covers critical 
habitats may still offer crucial conservation benefits. For instance, if a MR covers part of the 
species’ range that is a zone of core habitat use (e.g., for breeding, feeding, or gestation) 
overlapping with an explicit anthropogenic threat, then even a small MR could still provide 
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significant benefits (Hooker et al. 2011). Furthermore, even if the MR does not cover a core 
habitat use area, it can still lead to the recovery of prey populations as well as reduce the 
frequency that individuals are exposed to threats (Hooker & Gerber 2004). 
 
Since many top predators exhibit high site fidelity and use predictable habitats to breed and 
forage (Hyrenbach et al. 2000), strategically placed MRs may therefore be a useful tool for 
their conservation. Considering that top predators have the potential to act as ecological 
indicators for marine ecosystems (Zacharias & Roff 2001), integrating their distribution could 
offer an alternative perspective for the designation of MRs (Daly et al. 2018). It could also help 
with gaining public support for MRs, as many top predators are used in conservation as flagship 
species due to their charismatic qualities (Sergio et al. 2006). 
 
1.5. The importance of marine reserve characteristics  
The specific characteristics of MRs have been shown to influence their efficacy. For example, 
larger MRs are generally considered to be more effective, as a greater proportion of mobile 
species remain protected (Claudet et al. 2008). Additionally, MRs which are close in proximity 
can provide a connected spatial network within which individuals may disperse. This 
connectivity can increase the likelihood that the species is shielded from external threats, by 
protecting a greater range of habitats that may cover several life-history stages (Hooker et al. 
2011). Previous fishing pressure is also an important consideration as it can affect the 
performance of the MRs (Li et al. 2020). The time elapsed since the establishment of the MR 
(i.e., its “age”) influences the observed effect, as the longer the lifespan of the MR, the greater 
the time species have had to respond to the protection and to recover (Claudet et al. 2008). 
Therefore, ongoing monitoring is key to allow retrospective evaluation of the effectiveness of 
MRs (Hooker et al. 2011). Research on top predators within multiple MRs has the potential to 
yield important insights into the effects of MR characteristics in sustaining large and mobile 
predators.  
 
1.6. New Zealand marine reserves 
The overarching research question for this thesis is whether MRs influence the distribution of 
top predators. NZ provides an ideal place to conduct such research. NZ was a pioneer for the 
establishment of MRs (Ballantine 2014), and there are currently 44 MRs in its territorial waters 
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(within 12 nm from the coast; Figure 1.2). Following the implementation of the Marine 
Reserves Act in 1971 (New Zealand Government 1971) and the designation of the Okakari 
Point (Cape Rodney) Marine Reserve, MRs have been established since 1975 (Gordon & 
Ballantine 1976). The purpose of the MR Act was to preserve areas in their natural state for 
scientific study (New Zealand Government 1971, Rovellini & Shaffer 2020). The MRs vary in 
size, shape, age, and previous fishing pressure, and range from the northern Kermadec Islands 
(29.27°S, 177.93°E) to the southern Campbell Islands (52.54°S, 169.00°E; Ministry of the 
Environment 2016, DOC 2019). NZ thus offers a unique opportunity to investigate the role of 
MR characteristics in influencing their effect on the distribution of top predators.  
 
MRs currently cover 9.8% of NZ’s territorial sea (Davies et al. 2018), but only 0.4% of NZ’s 
total marine domain (territorial sea and exclusive economic zone; Rovellini & Shaffer 2020). 
Moreover, the majority of this area is made up by MRs around remote islands south 
(Subantarctic Islands) and north (Kermadec Islands) of NZ’s mainland (Figure 1.2). As a result, 
the majority of the remaining MRs are small and isolated. Contrary to the belief that small and 
isolated MRs are ineffective for conserving biodiversity (Possingham et al. 2006), such MRs 
in NZ have been found to provide significant increases in local populations of previously 
exploited species (e.g., Kelly et al. 2000, Davidson & Richards 2013, Davidson et al. 2013, 
Smith et al. 2014). For example, blue cod were found to be larger in size inside MRs compared 
with outside (in 9 of 10 studies) and were more abundant inside MRs (in 8 of 11 studies) after 
only a few years of protection (Pande et al. 2008). It has also been established that some MRs 
restore biodiversity (Babcock et al. 1999, Shears & Babcock 2003, Langlois et al. 2006, 
Ballantine & Langlois 2008, Ballantine 2014). However, there is very little systematic 
monitoring in place to ensure NZ’s MRs are achieving their conservation objectives (Willis 
2013, Bergseth et al. 2015).  
 
To my knowledge, there have been no studies in NZ of the effect of MRs on top predators such 
as elasmobranchs, marine mammals, or seabirds. The Department of Conservation (DOC), the 
governmental body which is responsible for managing MRs in NZ, classifies MRs as Type-1 
MPAs (DOC 2020). In addition, there are other forms of protected areas, such as Type-2 MPAs 
(DOC 2019). Type-2 MPAs are established outside of the MR Act and have varying levels of 
protection (DOC 2019). Although Type-2 MPAs are undoubtedly important for conservation 
purposes, I chose to focus on MRs for this thesis because of their level of protection, number, 




































              
Figure 1.2. Marine protected areas (MPAs) surrounding New Zealand. Included are the 44 Type-1 
MPAs (marine reserves) located within the territorial sea (<12 nm from the coast).  
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1.7. Candidate species: coastal sharks in New Zealand 
Sharks are the most common group of chondrichthyans (i.e. sharks, rays, and chimeras) found 
within NZ’s exclusive economic zone (EEZ; 66% of all chondrichthyans; Finucci et al. 2019). 
There are currently 68 described species (Finucci et al. 2019), however, this diversity is likely 
to increase as more species are discovered (e.g., Duffy et al. 2017). Eighteen percent of species 
are endemic to NZ, with the majority (74%) found within deep waters (>200 m depth), 
followed by pelagic (20%) and then coastal species (6%; Finucci et al. 2019). As seen globally 
(Dulvy et al. 2017), commercial fishing is the main threat to shark species and populations in 
NZ (Ford et al. 2018). While sharks do not occupy a large component of catches from 
commercial fisheries, their bycatch is frequently utilised locally and internationally (Francis 
1998, Clarke et al. 2013). Approximately 80 species of chondrichthyans are recorded in NZ’s 
commercial fisheries (Francis 2015). The largest commercial catch is of spiny dogfish (Squalus 
acanthias; ~24,000 tonnes) and school shark (Galeorhinus galeus; ~13,000 tonnes recorded 
between 2008 and 2013; Francis 2015). Other species are also taken in small-scale recreational 
fisheries, such as rig sharks (Mustelus lenticulatus), spiny dogfish, and shortfin mako sharks 
(Isurus oxyrinchus) (Francis 1998, MPI 2013).  
 
There is currently a limited understanding of the distribution of coastal shark species in NZ. 
The majority of distribution data comes from commercial fisheries (e.g., Anderson et al. 1998, 
Francis & Duffy 2002, Francis 2015, Ford et al. 2018). These data offer a general interpretation 
of the wider distribution of species within the EEZ. However, data on the specific and more 
localised movements of coastal sharks, as well as their habitat use and population 
demographics, are severely lacking. Coastal areas provide key habitat for sharks in NZ. For 
example, rig and school sharks use inshore habitats as nursery grounds (Francis & Mace 1980, 
Francis 2013). 
 
Research into the distribution of shark species in NZ’s coastal environments is needed to help 
address key knowledge gaps in understanding the spatiotemporal movements of coastal sharks. 
Furthermore, such research could investigate their overlap with established MRs and the 
potential conservation benefits afforded. This provides motivation to research the distribution 
of coastal sharks inside and outside of MRs in NZ. Although broadnose sevengill sharks 
(Notorynchus cepedianus) are considered to be one of the most important top predators in 
coastal ecosystems (Barnett et al. 2012), there is a paucity in understanding their distribution 
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in NZ. Recent research has demonstrated their seasonal habitat use (Housiaux et al. 2019), as 
well as population demographics (Lewis et al. 2020), in Whaka ā Te Wera (Paterson Inlet) in 
Rakiura (Stewart Island). However, their distribution has not been studied in other parts of NZ, 
such as Fiordland.  
 
Research outside of NZ has demonstrated the conservation benefits MRs can provide shark 
populations (e.g., Bond et al. 2012, Da Silva et al. 2013, Dick & Jefferies 2013, Goetze & 
Fullwood 2013, Speed et al. 2018, Juhel et al. 2019). For instance, a higher relative abundance 
of reef sharks within MRs, compared to control areas and/or prior to designation, has been 
demonstrated in the Caribbean (Bond et al. 2012), Brazil (Garla et al. 2006), Fiji (Goetze & 
Fullwood 2013), Eastern Australia (McCook et al. 2010), and Western Australia (Speed et al. 
2018). However, no similar research has been attempted to investigate the potential 
conservation benefits that MRs may offer sharks in NZ. Sought after species such as the 
commercially important spiny dogfish and school shark, and the recreationally targeted rig 
shark may be more abundant in MRs due to the direct release of fishing pressure in these areas. 
Although larger top predatory species such as the broadnose sevengill shark are not likely to 
be heavily fished outside of MRs, the effect of the reserve on their lower trophic level prey 
species may make MRs a more attractive habitat (e.g., Goetze & Fullwood 2013).  
 
1.8. Methods for monitoring marine reserves  
The research methods used for monitoring MRs vary depending on the subject or species of 
interest. Given that many MRs are focused on enhancing or preserving commercially important 
species, these species have been the major focus of monitoring efforts (Flournoy 2003). Thus, 
the majority of studies regarding the effects of MRs are about the re-establishment of 
commercially valuable finfish (Guidetti & Sala 2007) or large mobile invertebrates (Goñi et al. 
2006). Conventional monitoring of such species has employed non-extractive and fisheries 
independent methods, such as underwater visual census (UVC) or baited remote underwater 
videos (BRUVs), to determine their relative abundance, size, and diversity (Cappo et al. 2003, 
Murphy & Jenkins 2010, Russ & Alcala 2010, Terres et al. 2015). The metric of relative 
abundance is usually a count of individuals observed, or for BRUVs, generally the highest 
number of individuals recorded in a still video frame (referred to as a “Max Count”; Whitmarsh 
et al. 2017). Although these techniques have successfully demonstrated the effects of MRs, 
they do have associated biases and challenges (e.g., Edgar et al. 2004, Harvey et al. 2013). It 
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is important therefore to trial the potential of emerging technology, such as environmental 
DNA (eDNA), and whether its application might reveal new insights into MR monitoring.  
 
Environmental DNA involves the collection of seawater samples to analyse genetic traces of 
organisms (e.g., shed skin cells, metabolic waste, bodily fluids, gametes, blood) to determine 
the presence of a specific taxon (O’Donnell et al. 2017), as well as a taxonomic identification 
of multiple species (“eDNA metabarcoding”; Stat et al. 2017). This technology is potentially 
ground-breaking for biodiversity conservation, as inferences about community composition 
can be determined from just a sample of seawater. Recent studies reveal that it has become a 
reliable detection method, sometimes matching and even outperforming conventional survey 
methods (Hänfling et al. 2016, Boussarie et al. 2018). Its benefits may be particularly 
pronounced for elusive species, such as top predators, which can prove difficult to detect using 
visual methods. For example, Boussarie et al. (2018) observed only nine shark species from 
2758 UVCs and 385 deployments of BRUVs in the New Caledonian archipelago but identified 
13 shark species from just 22 eDNA samples. However, at this early stage of its development, 
eDNA will likely complement rather than replace traditional surveying methods (Thomsen & 
Willerslev 2015, Stat et al. 2019). Therefore, it is important to trial the efficacy of eDNA in 
direct field comparisons with traditional survey techniques, such as BRUVs, to understand 
their compatibility.  
 
1.9. Thesis objectives 
The specific research objectives for this thesis are as follows: 
1. To determine the distribution of coastal shark species within Fiordland. 
2. To use BRUV systems to quantify the relative abundance of coastal sharks inside and 
outside of MRs in two distinct regions: Fiordland and Stewart Island. 
3. To generate statistical models to evaluate the effects of the MRs sampled on the relative 





1.10. Thesis outline 
In Chapter 2, I use BRUVs to investigate the distribution of coastal sharks in southern 
Fiordland. I used a generalized linear modelling approach to quantify the effect of MRs on the 
relative abundance of the most common shark species detected. This chapter is novel in that it 
provides the first attempt to assess the effect of MRs on coastal shark species in NZ and is the 
first systematic survey of shark species in Fiordland.  
 
In Chapter 3, I use BRUVs to investigate the distribution of sevengill sharks inside and outside 
of the Te Wharawhara (Ulva Island) MR in Paterson Inlet, Stewart Island. Sevengill sharks 
were the focus of this study as previous research had demonstrated their year-round abundance 
within the study area (e.g., Housiaux 2019, Lewis et al. 2020). In contrast to the previous 
chapter, I apply a species distribution modelling (SDM) approach to assess the effect of the 
MR, relative to other variations in habitat. 
 
Lastly, Chapter 4, is a general discussion of the findings of this project, where the conclusions 
of the previous chapters are systematically assembled. I specifically outline how these findings 





Statement about the analyses presented in this thesis 
I intended to include a third analysis chapter investigating the efficacy of eDNA for monitoring 
sharks in MRs in comparison to the more established method of using BRUVs. Thirty sites 
were sampled in southern Fiordland to compare the two techniques. This work was part of a 
larger study researching the efficacy of eDNA for monitoring fish diversity, funded by the 
DOC and in collaboration with other researchers at the University of Otago. I gathered and 
analysed all the BRUV data and assisted with the water sampling in the field and the DNA 
extractions. My intention was to learn the appropriate methods in order to carry out the eDNA 
metabarcoding analysis (e.g., library preparation, amplification, and sequencing). 
Unfortunately, restrictions on lab work due to COVID-19 meant that I was not able to carry 
out this analysis and the eDNA results were not obtained in time for submission of this thesis. 
Therefore, I decided to include a synopsis of this work in the appendix (Appendix 1). The 
completed study will be the first direct field comparison of the two methods for the monitoring 
of mobile species within MRs in NZ and should yield key insights into the application of eDNA 
for shark research.  
 
The BRUVs footage obtained from Fiordland was also analysed to extract data on the 
distribution of hāpuku (Polyprion oxygeneios) in the region, under contract with the DOC. 
Although usually considered a deep-water species (Morrison et al. 2014), hāpuku were detected 
in shallow-water deployments of BRUVs in Fiordland. This study investigated their relative 
abundance, as well as approximate sizes of individuals, to provide an assessment of their 
previously unstudied distribution in the region. The report on the contract is included at the end 







Chapter 2: Quantifying the effect of marine reserves on coastal 
sharks in southern Fiordland 
 
2.1. Introduction 
Sharks have persisted since the early Silurian period, approximately 440 million years ago, and 
are one of the oldest extant vertebrate groups on the planet (Myers et al. 2020). Throughout 
their evolutionary history, sharks are believed to have played an important ecological role in 
marine food webs (Cortés 1999, Lindberg et al. 2006, García et al. 2007). They influence prey 
species directly through predation (Bascompte et al. 2005, Heupel et al. 2014), and indirectly 
by modifying prey behaviour (Wirsing et al. 2007, Roff et al. 2016). These effects permeate 
throughout the ecosystem (Heupel et al. 2014). Therefore, when sharks are removed, broad and 
complex ecological changes can occur, such as trophic cascades and mesopredator releases 
(Daskalov 2002, Worm & Myers 2003, Heithaus et al. 2007, Heupel et al. 2014). An example 
of this phenomenon is in the Gulf of Mexico, where the removal of large sharks by overfishing 
appears to have caused an increase in mid-level consumers and subsequent decrease in low-
level consumers (Shepherd & Myers 2005). Furthermore, in Shark Bay in Australia, green 
turtles (Chelonia mydas) and dugongs (Dugong dugon) were found to change foraging 
locations and behaviours in response to tiger shark (Galeocerdo cuvier) predation pressure, 
resulting in an indirect relationship between tiger sharks and seagrass meadows (Heithaus et 
al. 2007, Ferretti et al. 2010). Due to the inherent complexity of food webs and the lack of non-
commercial species data needed to establish causation, it is difficult however to determine the 
degree to which these examples are specifically driven by the depletion of shark populations 
(Myers et al. 2007, Ferretti et al. 2010).  
 
Theoretical modelling can help to simulate the effects of the removals of sharks where there is 
a paucity of empirical data. Such studies suggest that overfishing shark populations will lead 
to an increase in the frequency of trophic cascades (Bascompte et al. 2005, Ferretti et al. 2010). 
A simulation of the Caribbean marine ecosystem found that the removal of sharks contributed 
to the depletion of herbivorous fish, resulting in algae dominated reef instead of coral, 
consequently degrading the coral ecosystem (Bascompte et al. 2005). Given growing evidence 
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from both empirical and theoretical studies of the repercussions of shark declines on ecosystem 
function, as well as a burgeoning shark tourism industry (e.g., Topelko & Dearden 2005, 
Cisneros-Montemayor et al. 2013), the conservation of sharks should be prioritised. 
 
Numerous studies across the world suggest that shark populations have drastically declined 
(Baum et al. 2003, Ferretti et al. 2008, Worm et al. 2009, Dulvy et al. 2014, Spaet et al. 2016), 
even to the point of local extinctions (Luiz & Edwards 2011, Dulvy et al. 2016). An 
unsustainable demand for shark products (e.g., meat, shark fins, skin, cartilage; Dulvy et al. 
2017, FA0 2019), as well as spatial overlap with commercial fisheries and subsequent bycatch 
(Davidson et al. 2015, Queiroz et al. 2019), has heavily impacted many species and populations 
(Dulvy et al. 2014). The typical life-history characteristics of sharks (slow growth rates, late 
maturity, and low fecundity; Barker & Schluessel 2005, García et al. 2007, Jacques 2010) result 
in low biological productivity, weakening their potential to recover from heavy exploitation. 
Although there is debate surrounding the scale of global catch (Burgess et al. 2005, Heupel et 
al. 2009, Braccini 2015), a recent estimate which equated catch per species, estimated that 
between 63 to 273 million sharks are landed annually (FAO 2019, IUCN SSG 2020). However, 
other studies and the International Union for Conservation and Nature (IUCN) Shark Specialist 
Group (SSG) believe that this figure is still an underestimate of the true total catch (Clarke et 
al. 2006, Worm et al. 2013, Dulvy et al. 2014, IUCN SSG 2020).  
 
Marine reserves (MRs) are increasingly being advocated for the protection of shark populations 
(Davidson & Dulvy 2017, MacKeracher et al. 2019). MR research outside of NZ has 
demonstrated direct and positive effects provided for sharks due to the reduction of targeted 
fishing, bycatch, and disturbance (Da Silva et al. 2013, Dick & Jefferies 2013), as well as 
recovery of their prey populations (Hooker & Gerber 2004, Goetze & Fullwood 2013). For 
example, higher abundances of grey reef sharks (Carcharhinus amblyrhynchos) and whitetip 
reef sharks (Triaenodon obesus) within MRs in Fiji have been linked to greater prey availability 
(Goetze & Fullwood 2013). A recent study also found that MRs in the New Caledonian 
archipelago (South-Western Pacific) mitigated the anthropogenic influences on grey reef shark  
behaviour (Juhel et al. 2019). Contrary to previous belief, smaller sized MRs have been 
demonstrated to provide conservation benefits for sharks as well. For instance, Da Silva et al. 
(2013) found that the small Langebaan Lagoon MR (34 km2) in South Africa provided indirect 
conservation benefits for smoothhound sharks (Mustelus mustelus), and therefore proposed 
MRs as a viable option for protecting this species. In NZ, established MRs may offer similar 
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conservation benefits for sharks as observed elsewhere, however, to my knowledge there is a 
paucity of research in this regard. This current study aims to address this knowledge gap in 
relation to coastal shark species in southern NZ.  
 
The Fiordland (Te Moana o Atawhenua) Marine Area (FMA) in the southwest of the South 
Island provides an ideal location to conduct a study to investigate this research topic (Figure 
2.1). At present, there are 10 MRs in the FMA (DOC 2020). The region is considered to be an 
outstanding wilderness area, with global significance of natural and cultural heritage for NZ 
(Jack & Wing 2013). The marine environment is particularly unique and important. The fjords 
are a type of estuarine environment, characterised by strong physical gradients in terms of 
salinity, wave exposure, and irradiance along the axis of the fjords (Wing & Jack 2014). The 
deep bathymetry found in the inner fjords, as well as the sheltering from oceanic swells and 
limited tidal range, results in little mixing of the high influx of freshwater (orographic rainfall 
of up to 6-8 m annually in the region; Gibbs et al. 2000, Wing & Jack 2014). Consequentially, 
there is a prevalent, buoyant low salinity layer flowing seaward in the inner fjords (Wing & 
Jack 2014). This layer has important ecological implications, as the highly stratified waters 
combined with shading from steep surrounding walls of the inner fjords, result in unique 
invertebrate biodiversity with many examples of deep-water emergent species, such as the 
endemic black coral (Antipathella fiordensis; Grange 1985, Kregting & Gibbs 2006, Wing & 
Jack 2014). As the topography changes from the inner fjords to an open coastal rocky 
environment with an increasing influence of oceanic swells, the photic zone deepens and the 
mixed layer increases (Wing et al. 2004, Wing & Jack 2014). This results in differing physical 
and productivity gradients along the axis of the fjords, creating a diverse and patchy array of 
habitats and species found in each area (Wing & Jack 2013, 2014, DOC 2017, 2020).  
 
The history of MRs in Fiordland dates back to the designation of the Piopiotahi (Milford) 
Sound MR and the Te Awaatu Channel (The Gut) MR in Patea (Doubtful Sound) in 1993 
(DOC 2020). These initial MRs were proposed by the  New Zealand Federation of Commercial 
Fishermen with the incentive to address the regional declines of spiny lobster (Jasus edwardsii; 
Jack & Wing 2013). Over a decade later, following considerable effort from stakeholder groups 
invested in protecting marine resources in the region and based on an extensive study of the 
region’s biodveristy (Wing et al. 2004), the Fiordland (Te Moana o Atawhenua) Marine 
Management Act (FMMA) was enacted in 2005 (DOC 2017). This act established a network 
of eight new MRs, increasing the area protected by MRs in the FMA to 104 km2 (13% of the 
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FMA; DOC 2017). Due to the diverse array of habitats and patterns of productivity found in 
each fjord, attempts were made to distribute the MRs widely across the FMA with 
representative environments (Jack & Wing 2013). In addition to the MR designations, further 
commercial and recreational fishing rules and protection measures were implemented in the 
FMA (Figure 2.1). For example, the inner waters of 11 fjords were closed to commercial 
fishing, and recreational fishing limits were reduced. All except one the MRs were fixed in the 
commercial exclusion zones with recreational fishing limits (Jack & Wing 2013; Figure 2.1).  
 
Although poorly studied in NZ, anecdotal evidence from recreational fisheries, dive operators, 
and the DOC indicates that broadnose sevengill sharks (Notorynchus cepedianus) are often 
encountered in Fiordland. Broadnose sevengill sharks, hereafter referred to as sevengill sharks, 
are a high trophic level predator (Edwards 2020), abundant in coastal habitats (Barnett et al. 
2012), with no history of commercial exploitation. Although sevengill sharks are not likely to 
be heavily fished outside of the MRs, the effect of the reserve on the lower trophic level prey 
species may make MRs a more attractive habitat. There are also reported to be high densities 
of demersal mesopredatory shark species, such as the spiny dogfish (Squalus acanthias), school 
shark (Galeorhinus galeus), and carpet shark (Cephaloscyllium isabellum) (pers. comm., 
Richard Kinsey from DOC). The effects of protection may be more detectable for these 
mesopredatory sharks, as their ranging behaviours are more suited to the scale of the MRs. For 
instance, smaller sized mesopredators likely have smaller home ranges (Speed et al. 2010), are 
more philopatric (Da Silva et al. 2013), as well as being naturally more abundant. As some 
mesopredatory species are targeted by recreational fishermen in the area, they are also more 
likely to be afforded conservation benefits from the direct release of fishing pressure in the 
MRs. 
 
Given the number and unique characteristics of each MR (in terms of size, age, previous fishing 
pressure, and environmental conditions) and that the FMA provides habitat for several species 
of coastal sharks, Fiordland provides a unique opportunity to compare shark distribution 







































Figure 2.1. The Fiordland (Te Moana o Atawhenua) Marine Area (FMA), in the southwest of the South 
Island of New Zealand (adapted from DOC 2017, Map 10). The black square covers the southern extent 
of the FMA which is the focus area of this study.  
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Since the establishment of the FMMA in 2005, a long-term biological monitoring programme 
has investigated spatial and temporal changes in densities of key indicator species across the 
different areas and levels of protection. A range of apex and mesopredatory shark species were 
sighted in the previous surveys (Wing 2006b, Wing & Jack 2008, 2010, NIWA 2009, 2014, 
2017). The encounters were rare, possibly due to the survey method employed which used 
divers and underwater visual census (UVC; Colton & Swearer 2010).  
 
In contrast to the previous UVC surveys, the research reported here will use baited remote 
underwater videos (BRUVs) to quantify shark distribution. BRUVs are a reliable, cost-
effective, and non-extractive method for studying shark populations. Relative abundance 
estimates using BRUVs have been done before with many shark species (e.g., Brooks et al. 
2011, Gore et al. 2016, Acuña-Marrero et al. 2018, Irigoyen et al. 2018), including for surveys 
of MRs (e.g., Bond et al. 2012, Speed et al. 2018). Furthermore, BRUVs have previously been 
used to investigate the abundance of sevengill sharks in southern NZ (Lewis 2019, Lewis et al. 
2020). Sevengill sharks have unique and lasting natural marks on their dorsal side, so they can 
be individually identified (Housiaux 2016, Housiaux et al. 2019, Lewis et al. 2020). The non-
extractive nature of BRUVs also allows for deployment in fragile and protected habitats, a 
capability ideal for this current study. 
 
The most recent survey of the effects of MRs in Fiordland, based on control/treatment type 
design, found little evidence of benefits for reef-associated species (NIWA 2017). However, 
in comparison to this current study, the NIWA survey used a different sampling technique (i.e. 
UVC) and focused on different species (e.g., blue cod, spiny lobster). Therefore, questions 
remain concerning the possible effect of MRs on top predators, especially using potentially 
more appropriate survey methods. This study will focus on the southern half of the FMA 









2.2. Chapter aims 
The chapter aims are as follows:  
1. To use BRUV systems to determine the distribution of coastal shark species in 
Fiordland. 
2. To use a modelling approach to assess the effect of protection on shark distribution in 
Fiordland.   
3. To compare the effects of five MRs sampled, to evaluate the role of MR characteristics 
in affecting their efficacy. 
 
The main research question is whether MRs can provide conservation benefits for sevengill 
and mesopredatory sharks in Fiordland, NZ. This research is to my knowledge the first targeted 
study of coastal shark distribution in Fiordland. Therefore, regardless of whether sufficient data 
are obtained to conclusively reveal the efficacy of MRs in protecting shark populations, this 
study will contribute to our understanding of the region’s important biodiversity.  
 
2.3. Materials and methods 
2.3.1. Study sites 
 
Three areas within southern Fiordland were investigated: Doubtful and Bradshaw Sound 
(sampled on 10th - 28th June 2018, 24th February - 6th March 2019; Figures 2.2, 2.3), Dusky and 
Breaksea Sound (sampled on 26th March – 4th April, 11th – 23rd December 2019; Figures 2.2, 
2.4), and Long Sound and Preservation Inlet (sampled on 11th – 23rd December 2019; Figures 





















































Te Awaatu  
Channel (Gut) MR 
Figure 2.3. Doubtful and Bradshaw Sound, Fiordland, New Zealand. The two sampled marine reserves 
(MRs) – Kutu Parera (Gaer Arm) MR and Taipari Roa (Elizabeth Island) MR are labelled as well their 
designated control areas. The exploratory deployment areas are also labelled. 
 
Figure 2.2. Fiordland, New Zealand. The three study areas are labelled – Doubtful/Bradshaw Sound, 



























Figure 2.4. Dusky and Breaksea Sound, Fiordland, New Zealand. The two sampled marine reserves 
(MRs) – Taumoana (Five Fingers) MR and Moana Uta (Wet Jacket) MR are labelled as well their 
























Figure 2.5. Long Sound and Preservation Inlet, Fiordland, New Zealand. The sampled marine reserve 
(MR) – Te Tapuwae o Hua (Long Sound) MR is labelled as well as the designated control areas. 
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i) Doubtful and Bradshaw Sound 
Doubtful and Bradshaw Sound is a branching fjord network with three MRs: the Taipari Roa 
(Elizabeth Island) MR and the Te Awaatu Channel (Gut) MR in Doubtful Sound, established 
in 2005 and 1993 respectively, and the Kutu Parera (Gaer Arm) MR established in 2005 
(Figures 2.2, 2.3). The Gut MR was not sampled because of the presence of fragile benthic 
habitat. The Gaer Arm MR in Bradshaw Sound covers an area of 4.3 km2, with an estuarine 
influence from the Camelot River (DOC 2018). The Elizabeth Island MR in Doubtful Sound 
has an area of approximately 6.1 km2, influenced by the freshwater input from the Manapouri 
Hydroelectric Power Station (DOC 2018).  
 
ii) Dusky and Breaksea Sound 
Dusky and Breaksea Sound, located further south, are large fjords covering a range of habitats, 
with two contrasting MRs: the Taumoana (Five Fingers) MR and the Moana Uta (Wet Jacket) 
MR, both established in 2005 (Figures 2.2, 2.4). The Five Fingers MR is 14.5 km2 in size, 
located at the entrance of Dusky Sound (Figure 2.4). It is regarded to be the most representative 
for habitats and species found in the outer fjords and coast (DOC 2018). The Wet Jacket MR 
is 20.1 km2 in size, located closer to Breaksea Sound, and encompasses an entire arm of the 
inner fjord (DOC 2018; Figure 2.4).  
 
iii) Long Sound and Preservation Inlet 
Long Sound is the southernmost fjord and most physically isolated basin in the Fiordland 
system (DOC 2018). The Te Tapuwae o Hua (Long Sound) MR was established in 2005 and 
is the largest MR in Fiordland at 36.7 km2, encompassing Long Sound (Figures 2.2, 2.5). The 
narrow entrance and shallow sill to the MR shelters the area from oceanic swells, maintaining 
a prominent freshwater layer with unique ecological communities (Wing & Jack 2010, DOC 













2.3.2. Sampling and data collection 
2.3.2.1. Sampling design 
Random sampling was carried out in the five MRs and adjacent control areas to investigate the 
effect of MRs on the distribution of sharks in Fiordland. Control areas were designated to 
closely represent the MR habitat in terms of depth, distance to the fjord entrance, size, and 
orientation of the area (see Figures 2.3, 2.4, 2.5). Before each trip, a set of random coordinates 
for potential sampling points within each MR/control-area was generated using ArcGISv10.3 
(ESRI 2018). All potential sampling points were between 10 m and 30 m in depth. Within each 
location, points were spaced >500 m apart to minimise the likelihood of overlapping bait 
plumes (e.g., Whitmarsh et al. 2017, Acuña-Marrero et al. 2018, Irigoyen et al. 2018). Control 
areas were at least 500 m from the MR boundary to minimise confounding effects due to 
potential spillover from MRs. Exploratory sampling areas were generated in Doubtful and 
Bradshaw Sound (Figure 2.3) and Dusky and Breaksea Sound (Figure 2.4) to investigate shark 
distribution away from MRs. The results from the exploratory deployments were not included 
in the analysis of the MRs. 
 
2.3.2.2. Field methods and equipment  
Downward-facing baited remote underwater videos (BRUVs) were used to estimate the 
relative abundance of shark species (Figure 2.6). Downward-facing BRUVs were chosen over 
horizontal-facing BRUVs to allow for the individual identification of sevengill sharks, as 
individuals have unique dorsal spot patterns (e.g., Lewis et al. 2020). The BRUV system was 
adapted from Lewis (2019) and consisted of a rigid stainless-steel frame (316 marine grade) 
with either two GoProTM Hero 4 Silver or SJTM 5000x cameras mounted in waterproof housings 
(Figure 2.6). QudosTM 300 lumen LED lights were mounted on either end of the frame. Nylon 
or wire ropes connected the BRUV system to the bait canister and a 1.8 kg fluke anchor below 
(Figure 2.6). The BRUV system was counter-weighted to float vertically in the water column 
with 5 gillnet floats attached above the frame, and conspicuous buoys at the surface (marked 
with contact information). To attract sharks, a bait canister (with a standardised 500 grams of 
bait per deployment - the minimum recommended by Whitmarsh et al. 2017 to attract sharks) 
was tied onto a 1 m PVC pipe marked with duct tape at 0.1 m increments to help with the 
general analysis of the size of sharks. This canister was positioned in the cameras’ field of view 
1 m above the seafloor and 1.2 m beneath the frame, to enable the identification of species and 
individuals. The bait type used was barracouta (Thyrsites atun), except for the December 2019 
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trip when pilchard (Sardinella sirm) was used instead (due to the addition of environmental 
DNA sampling). Videos were recorded in 1080p at 60 frames per second.  
 
The choice of which random points to sample each day was made in the field based on suitable 
weather conditions. All research was conducted in sea states < Beaufort 4 and swell heights < 
1 m and during daylight hours. Upon arrival at the proposed sampling location, the closest 
suitable place for deployment was determined (an area at a depth of 10-30 m; established via 
an echo sounder on the vessel). Variables such as the location, date, time, and GPS coordinates 
(initially and finally via a GarminTM GPSMAP) were recorded at each deployment. The BRUV 
system was then primed and deployed overboard. All BRUVs were deployed remotely from a 
variety of vessels, ranging from 5.1 m to 22.3 m in size. Every BRUVs deployment was 
standardised to a soak time of one hour (the most common time for BRUVs deployment; 





















Figure 2.6. A schematic of the demersal BRUV system used for research in Fiordland (not to scale).  
 
2.3.3. Video analysis 
BRUV footage was watched in VLC media playerTM. Video effects such as brightness and 
contrast were altered within VLC media player to help with the identification of shark species 
and individuals, especially when videos were captured in poor light. All videos were reviewed 




experienced analyst. If there was any doubt about species identification, then a third analyst 
was consulted.  
 
2.3.3.1. Individual identification 
As mentioned, sevengill sharks have dorsal spot patterns unique to each individual (Housiaux 
et al. 2019, Lewis et al. 2020). Thus, when examining the BRUVs footage the number of 
individuals encountered per deployment could be determined and the relative abundance was 
simply a count of individuals per deployment, referred to as “individuals h-1”. Each time a 
sevengill shark entered the field of view, the video was stopped and details such as the video 
number and time were recorded. For each encounter, a screenshot was extracted from the video 
when the dorsal surface of the head of the shark was in clear view (Figure 2.7). The rostrum to 
the trailing edge of the pectoral fins was used for identification since it provided the easiest 
area to compare spot patterns (Lewis 2019). The best screenshot was extracted from each 
encounter, to be added into a novel photo-ID catalogue for sevengill sharks in NZ. Other 
information such as an estimate of the size of the shark and the sex (by identifying the 















                 
Figure 2.7. Examples of still video frames used for individual identification of broadnose sevengill 
sharks (Notorynchus cepedianus) to estimate their relative abundance. Notice a clear difference in the 
number and pattern of spots, which enable identification of individual sharks. 
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2.3.3.2 Max count  
For the other shark species commonly encountered in the BRUVs footage, the Max count 
(referred to as the MaxN) metric was used to describe relative abundance. MaxN is the 
maximum number of individuals of a particular species that occurred in a single video frame 
during the deployment. MaxN is the most commonly used abundance metric for BRUVs 
(Campbell et al. 2015, Whitmarsh et al. 2017) and represents a conservative estimate of the 
minimum number of individuals using the area during the deployment. A MaxN analysis was 
done for the following shark species detected by BRUVs: carpet sharks, spiny dogfish, and 


















Figure 2.8. Example of still video frames showing the mesopredatory shark species recorded by 
BRUVs in Fiordland, New Zealand: (a) Spiny dogfish (Squalus acanthias) (b) School shark 




Relative abundances of sharks were standardised to the soak time of one hour, producing a rate 
of shark sightings (i.e. individuals h-1 for sevengill sharks and MaxN h-1 for all other sharks). 
To estimate the mean relative abundance of sharks over each MR and control area during the 
time of the study, the relative abundance for each deployment in the area was averaged (i.e. 





2.3.4 Statistical analyses  
Coastal sharks identified in the BRUVs footage were classified into two trophic groups: apex 
predators (i.e. sevengill sharks) and mesopredatory sharks (i.e. spiny dogfish, carpet 
sharks, and school sharks). Species that were only encountered during one deployment, for 
instance the northern spiny dogfish (Squalus griffini) and rig shark, were excluded from the 
analysis.  
 
Generalized linear models (GLMs) were used to assess the effect of MRs on sevengill sharks 
and mesopredators. A GLM is an extension of ordinary linear regression that allows for 
response variables with data of non-normal error distributions (McCullagh & Nelder 1989). 
This approach is common for modelling binary and count data with multiple variables (e.g., 
Espinoza et al. 2014, Tickler et al. 2017, Acuña-Marrero et al. 2018). Two variables were 
included in the models: “Status” (i.e. in a MR "yes" and outside in a control area "no") and 
“Area” sampled (i.e. "Elizabeth Island” = MR and control area, “Gaer Arm”, “Wet Jacket...", 
etc).  
 
Before model construction, the explanatory variables were tested for correlation. 
Multicollinearity between explanatory variables can result in incorrect inferences about the 
effect on the dependent variable (Dormann et al. 2013). To test for multi-collinearity, the “car” 
package (version 3.0-8) was used to check the variance inflation factors (VIF). Since the VIF 
values of the variables were all <2 (the threshold recommended by Neter et al. 1990; Appendix 
2, Tables A2.1, A2.3), there was no evidence for collinearity and both variables were included 
in the modelling. For sevengill sharks, given the high proportion of zero counts, a binomial 
GLM with a logistic link function was used to test the effect of the explanatory variables on 
their presence (1) or absence (0) in each deployment. Given the higher counts of the 
mesopredators, a GLM with a negative binomial (NB) dependent variable distribution was used 
to test for their combined relative abundance (i.e. the sum of MaxN for each of the three 
species) in each deployment. The NB model provided a better fit to the data compared with a 
Poisson model because the NB model was better able to account for the relatively high number 
of zero counts observed. 
 
To assess whether the effect of “Status” was different for each area, the interaction between 
“Status” and “Area” was also included in the models. A suite of models was generated with all 
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combinations of explanatory variables and ranked using Akaike's information criterion (AIC; 
Burnham & Anderson 2002). AIC combines fit to the data and model simplicity, with the best 
model indicated by the lowest AIC value (Burnham et al. 2011, Symonds & Moussali 2011). 
If the model without the interaction had a lower AIC value (i.e. more appropriate model) 
compared to the model without the interaction, the interaction variable was excluded. The 
interaction was also tested using the likelihood ratio test (analysis of deviance) to confirm 
whether the interaction was statistically significant. Effects plots were generated for 
statistically significant results using the R package "emmeans" (version1.4.7). A pairwise 
comparison was conducted for significant results to compare the different means of the areas 
sampled.  
 
The “DHARMa” package (version 0.3.1; Hartig 2019) in R was used for model validation 
using diagnostic residual plots (Appendix 2; Figures A2.1, A2.2) as well as simulation-based 
goodness of fit (GOF) tests. DHARMa uses simulation-based methods to generate scaled 
(quantile) residual plots which are much easier to interpret than conventional residual plots. 
The scaled residuals will be uniformly distributed between 0 and 1 across the full range of 
predicted values if the model provides an adequate fit to the data (Hartig 2019). The model 
validation results are included in Appendix 2 (Figures A2.1, A2.2). 
 
All statistical tests were run in RStudio version 1.3.959 (R Core Team 2020).  
 
2.4. Results 
2.4.1. Summary of BRUVs deployments and shark encounters 
In total, there were 192 deployments of BRUVs conducted within the study areas in Fiordland, 
between June 2018 and December 2019. The research was conducted across multiple seasons 
(summer, autumn, and winter) with the majority of sampling during summer. The deployments 
were approximately equally divided between MRs and control areas (Table 2.1). For example, 
there were 86 deployments of BRUVs in MRs and 81 within control areas in total. For the 
specific number of deployments in each area, refer to Table 2.1. Failed deployments (n=5) 
were omitted, and exploratory deployments (n=20) were excluded from the analysis of the 





Table 2.1. Summary of BRUV deployments: location, number of deployments (#), deployments with 
shark encounters (%), and the mean relative abundance per deployment of sevengill sharks 
(Notorynchus cepedianus; mean individuals h-1) and combined mesopredators (mean MaxN h-1) within 
marine reserves (MRs) and their control areas in Fiordland, New Zealand. Encounter rates include all 
shark species. Mesopredators include the spiny dogfish (Squalus acanthias), school shark (Galeorhinus 





Six shark species were detected during deployment of BRUVs in Fiordland: sevengill sharks, 
spiny dogfish, school sharks, carpet sharks, rig sharks, and northern spiny dogfish. At least one 
shark species was identified in 45% of deployment videos analysed. Sharks were encountered 
more often in MRs; in over half of the deployments (55%), at least one species of shark was 
detected within MRs (Table 2.1). At least one shark species was encountered in 35% of the 
deployments in control sites (Table 2.1). Gaer Arm MR appeared to have the highest encounter 
rates, with BRUVs detecting at least one shark in 83% of deployments (Table 2.1). Long Sound 
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Figure 2.9. Mean relative abundance (Mean count h-1) of the most common coastal shark species 
detected during deployments of BRUVs from the combined marine reserve data and the combined 
control data in Fiordland, New Zealand. Mean count h-1 = mean number of broadnose sevengill sharks 
(Notorynchus cepedianus) per deployment, or mean Max count of mesopredators viewed per 
deployment. Mesopredators = spiny dogfish (Squalus acanthias), school shark (Galeorhinus galeus), 
and carpet shark (Cephaloscyllium isabellum). Error bars display ±1 SE. Shark illustrations provided 
by Lindsay Marshall. 
 
Spiny dogfish were the most common species found in Fiordland (Table 2.2, Figure 2.9). They 
had the highest recorded relative abundance in both MRs (MaxN h-1 = 6) and control areas 
(MaxN h-1 = 3; Table 2.2). They were mostly encountered in the Gaer Arm and Long Sound 
MRs and overall had a higher relative abundance in the MRs compared to controls (by a factor 
of 2.8; Table 2.2, Figure 2.9). Sevengill sharks were the second most detected shark species 
but were found on average to have a higher mean relative abundance in the control sites than 
in MRs (by a factor of 1.8; Table 2.2, Figure 2.10). They had a highest relative abundance of 
two individuals h-1 (Table 2.2). Carpet sharks were detected in every area, and although they 
had very low detection rates, had a higher relative abundance in the MRs (by a factor of 2.5; 
Table 2.2). School sharks were detected in every area apart from Long Sound/Preservation 
Inlet, and had a higher relative abundance in MRs (by a factor of 2.2; Table 2.2) with a highest 
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Table 2.2. Summary of the most common shark species identified from BRUV deployments in 
Fiordland, New Zealand, in marine reserves and control areas. Encounter rate = percentage of 
deployments with encounters, Max count h-1 = the maximum number of broadnose sevengill sharks 
(Notorynchus cepedianus) per deployment, or maximum count of mesopredators viewed per 
deployment, Mean count h-1 = the mean number of sevengill sharks per deployment, or mean Max count 
of mesopredators viewed per deployment. Fiordland = average of all areas. The standard error (SE) 
represents 1 SE. Shark illustrations provided by Lindsay Marshall.  
Species Location 
Encounter rate (%) Max count h-1 Mean count h-1 (SE) 
MR Control MR Control MR Control 
Sevengill shark 
Gaer Arm 22 0 1 0 0.22 (0.10) 0 (0) 
Elizabeth Is. 8 14 1 2 0.083 (0.058) 0.16 (0.11) 
Wet Jacket 6 17 1 1 0.029 (0.059) 0.17 (0.090) 
Five Fingers 12 29 1 2 0.12 (0.081) 0.33 (0.13) 
Long Sound 0 22 0 1 0 (0) 0.22 (0.13) 
Fiordland 10 17 1 2 0.11 (0.033) 0.20 (0.051) 
Spiny dogfish 
 
Gaer Arm 61 37 6 3 1.28 (0.39) 0.55 (0.28) 
Elizabeth Is. 13 14 3 1 0.21 (0.13) 0.14 (0.075) 
Wet Jacket 0 17 0 1 0 (0) 0.17 (0.090) 
Five Fingers 6 5 1 1 0.059 (0.059) 0.048 (0.048) 
Long Sound 50 0 5 0 0.9 (0.48) 0 (0) 




Gaer Arm 22 9 2 1 0.22 (0.13) 0.091 (0.091) 
Elizabeth Is. 8 5 1 1 0.083 (0.058) 0.045 (0.045) 
Wet Jacket 35 11 1 1 0.35 (0.119) 0.14 (0.085) 
Five Fingers 24 14 1 1 0.24 (0.11) 0.14 (0.078) 
Long Sound 0 0 0 0 0 (0) 0 (0) 
Fiordland 17 9 2 1 0.19 (0.045) 0.086 (0.031) 
Carpet shark 
 
Gaer Arm 6 0 1 0 0.056 (0.056) 0 (0) 
Elizabeth Is. 17 5 1 1 0.17 (0.078) 0.045 (0.045) 
Wet Jacket 6 0 1 0 0.059 (0.059) 0 (0) 
Five Fingers 6 5 1 1 0.059 (0.059) 0.048 (0.048) 
Long Sound 30 22 1 1 0.3 (0.15) 0.22 (0.147) 





Gaer Arm 72 36 - - 1.56 (0.39) 0.64 (0.36) 
Elizabeth Is. 38 18 - - 0.46 (0.15) 0.23 (0.11) 
Wet Jacket 41 22 - - 0.41 (0.12) 0.28 (0.14) 
Five Fingers 36 24 - - 0.35 (0.12) 0.24 (0.095) 
Long Sound 70 22 - - 1.2 (0.47) 0.22 (0.15) 
Fiordland 49 23 - - 0.74 (0.12) 0.30 (0.071) 
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There appeared to be no obvious pattern in sevengill shark distribution in Fiordland (Figure 
2.10). They were found at the outer coastal sites as well as the inner fjord habitats and were 
sparsely distributed. The majority of encounters were with solitary sharks (Figure 2.10). In 
Doubtful/Bradshaw Sound, sevengill sharks were observed across 11 deployments (12.4% of 
total deployments). In terms of seasonality, there were more sightings in Doubtful/Bradshaw 
Sound in summer (19% encounter rate, 0.243 mean individuals h-1) compared to winter (7.7% 
encounter rate, 0.077 mean individuals h-1). Further south in the Breaksea, Dusky, and Long 
Sound areas, sevengill sharks were observed across 16 deployments (16.3% of total 
deployments; Figure 2.10). Sevengill sharks were encountered most often in Dusky Sound, 
particularly in Earshell and Cascade Coves, and south of Anchor Island; all control areas for 
the Five Fingers MR (Figure 2.10). They were also encountered in the exploratory deployments 
in Supper and Shark Cove (Figure 2.10). No sevengill sharks were detected in the Long Sound 
MR, however, an individual was encountered in Preservation Inlet (Figure 2.10). 
Figure 2.10. Relative abundance (individuals hr-1) of broadnose sevengill sharks (Notorynchus 
cepedianus) detected during deployments of BRUVs within (a) Doubtful/Bradshaw Sound, (b) 
Dusky/Breaksea Sound and (c) Long Sound/Preservation Inlet, Fiordland, New Zealand. Black dots 
indicate BRUVs deployed without encounters. Blue shading represents the marine reserves. Shark 













Figure 2.11. Mean relative abundance (mean individuals h-1) of broadnose sevengill sharks 
(Notorynchus cepedianus) within each marine reserve (MR) and control area, as well as averaged across 
Fiordland, New Zealand. Error bars represent ±1 SE. Shark illustration provided by Lindsay Marshall. 
 
Table 2.3. Summary of the coefficients from the generalized linear model used to assess the effect of 
protection on the presence of broadnose sevengill sharks (Notorynchus cepedianus) in Fiordland, New 
Zealand. “Status” = marine reserve protection (yes), “Area” = location sampled with Elizabeth Is. as 




Overall, sevengill sharks had a higher mean relative abundance in control sites in Fiordland 
(Figures 2.9, 2.11). They had a higher mean relative abundance in the Gaer Arm MR, but lower 
relative abundances in the other four MRs sampled compared to control areas (Figure 2.11). 
The two models (including the interaction between Status and Area, or not) had similar AIC 
values (DAIC<2). Thus, due to the similar apparent strengths of each model and the non-
significant interaction (Appendix 2; Table A2.2), the simpler model without the interaction was 
chosen. In this simpler model (Table 2.3), there was no significant effect of “Status” or “Area” 
on the presence of sevengill sharks. The effect of the MRs (i.e. “Status”) was found to be 
negative and weak (p-value = 0.23; Table 2.3). 
 
Variable Estimate Std. Error z value Pr(>|z|) 
Status -0.56 0.46 -1.21 0.23 
AreaFive_Fingers 0.75 0.62 1.20 0.23 
AreaGaer_Arm 0.33 0.72 0.46 0.65 
AreaLong_Sound -0.034 0.89 -0.038 0.97 










































































































Figure 2.12. Relative abundance (cumulative MaxN hr-1) of mesopredatory sharks detected during 
deployments of BRUVs within a) Doubtful/Bradshaw Sound, b) Dusky/Breaksea Sound and c) Long 
Sound/Preservation Inlet, in Fiordland, New Zealand. Mesopredators include the spiny dogfish 
(Squalus acanthias), school shark (Galeorhinus galeus), and carpet shark (Cephaloscyllium isabellum). 
Black dots indicate BRUVs deployed without encounters. Blue shading represents the marine reserves. 












Figure 2.13. Mean relative abundance (cumulative mean MaxN h-1) of mesopredatory sharks within 
each marine reserve (MR) and control area, as well as averaged across Fiordland, New Zealand. 
Mesopredatory shark species included are the spiny dogfish (Squalus acanthias), school shark 
(Galeorhinus galeus), and carpet shark (Cephaloscyllium isabellum). Error bars represent ±1 SE. Shark 































































Overall, mesopredatory sharks had a higher relative abundance in MRs (by a factor of 2.5; 
Table 2.2, Figure 2.13). At least one mesopredatory shark (spiny dogfish, school shark, carpet 
shark) was detected in half of the deployments within MRs (49%), with a higher relative 
abundance in every MR sampled compared to their control areas (Table 2.2, Figures 2.9, 2.12, 
2.13). Gaer Arm MR had the highest encounter rates for mesopredators (72%; Table 2.2) 
followed closely by Long Sound MR (70%; Table 2.2). However, Long Sound MR had the 
highest difference in relative abundance between MRs and control areas (by a factor of 5.5; 
Table 2.2). The spatial distribution maps and relative abundance figures for each 
mesopredatory species are included in Appendix 2; Sections A2.3, A2.4.  
 
Table 2.4. Summary of the coefficients within the generalized linear model used to assess the effect of 
protection on the relative abundance of mesopredatory sharks in Fiordland, New Zealand. Status = 
marine reserve protection (yes), Area = location sampled with Elizabeth Is. as the reference level. 
Significance Level: P < 0.01 **, P < 0.001 ***. The table shows the coefficient estimate, standard error, 
z-score, and corresponding significance (Pr(>|z|)). Mesopredatory shark species included are the spiny 






The best model was the one that did not include the interaction term. The interaction was also 
found to not be significant (Appendix 2; Table A2.4). In the best model (Table 2.4), the effect 
of the MRs was positive and strongly significant (p-value = 0.0024) and the effect of the area 
sampled (Gaer Arm) was also strongly significant (p-value = 0.00045).  
A statistically significant effect of “Area” was observed in the contrast plot as the mean of Gaer 
Arm was higher than Elizabeth Island, Five Fingers, and Wet Jacket (Figure 2.14). However, 
there was no evidence that the mean of Long Sound was different (because the confidence 




Variable Estimate Std. Error z value Pr(>|z|) 
Status 0.78 0.26 3.03 0.0024** 
AreaFive_Fingers -0.12 0.41 -0.30 0.77 
AreaGaer_Arm 1.17 0.33 3.51 0.00045*** 
AreaLong_Sound 0.73 0.40 1.80 0.071 





























Figure 2.14. Pairwise comparison of the means of mesopredatory sharks in each area sampled within 
Fiordland, New Zealand. Error bars represent 95% confidence intervals (CIs). If the 95% CI does not 
include 1 (i.e. the red line), then the difference between the means of the two areas is significant at alpha 
= 0.05. Gaer = Gaer Arm marine reserve (MR) and control area sampled, Five Fing. = Five Fingers MR 
and control area sampled, Eliz. = Elizabeth Island MR and control area sampled, Wet = Wet Jacket MR 
and control area sampled, Long = Long Sound MR and control area sampled. The means for each area 




In this chapter, I presented the first attempt to describe the distribution of sevengill sharks and 
other coastal shark species in southern Fiordland. In addition, I presented the first attempt to 
assess the effect of MRs on coastal sharks in NZ. This study led to three key findings. Firstly, 
there was a positive and significant effect of MRs observed for mesopredatory sharks. This 
effect suggests that MRs provide conservation benefits for smaller sharks in Fiordland. 
Secondly, no effect of MRs was found for sevengill sharks. Sevengill sharks are mobile top 
predators with larger home ranges than mesopredators, and hence may be less likely to benefit 
from the relatively small MRs sampled in this study. Thirdly, the use of BRUVs proved 
successful for MR monitoring in Fiordland, particularly for mobile species that elude 
traditional survey techniques. Each of these findings will be discussed in further detail below.  
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2.5.1. A positive effect of marine reserves observed for small demersal sharks  
There was a strong significant difference between the combined relative abundance of three 
mesopredators inside MRs compared to control areas. This finding suggests that MRs are 
resulting in higher densities of mesopredators through direct and/or indirect effects. Although 
similar results have been found outside of NZ (e.g., Garla et al. 2006, McCook et al. 2010, 
Bond et al. 2012, Goetze and Fullwood 2013, Speed et al. 2018), this current study provides 
the first evidence of the potential for MRs to enhance some coastal shark populations in NZ.  
 
There are several possible mechanisms that could explain the higher relative abundances of 
mesopredatory sharks detected in the MRs. In Fiordland, recreational fishing rules allow a 
maximum daily limit of 15 spiny dogfish, five school sharks, and an undefined number of 
carpet sharks. School sharks are directly targeted in the region and although spiny dogfish and 
carpet sharks are not, they can be incidentally caught as bycatch due to overlapping habitats 
with targeted species (e.g., blue cod, tarakihi) (pers. comm., Richard Kinsey). In addition, 
anecdotal reports suggest that recreational fishers sometimes maim sharks to reduce the 
likelihood of recapture. Although sharks have not previously been surveyed in MRs off NZ, 
other research on previously exploited species (e.g., snapper, blue cod, spiny lobster) have 
demonstrated positive effects on both abundance and size inside MRs compared to control 
areas (e.g., Kelly et al. 2000, Pande et al. 2008, Davidson & Richards 2013, Smith et al. 2014). 
Outside of NZ, research has shown the positive effects that MRs can provide for targeted shark 
species. For example, surveys of the Ashmore Reef MR off Western Australia showed rapid 
recovery of shark populations in the MR. Speed et al. (2018) found that after only eight years 
of protection, there was an increase in abundance of grey reef sharks (Carcharhinus 
amblyrhynchos) in the MR by a factor of 4.6. They suggest that shark populations at Ashmore 
Reef now resemble baseline communities as a result of the MR. Given the direct anthropogenic 
pressure on mesopredatory species in Fiordland, the MRs sampled in this study may provide a 
refuge for their populations to replenish.  
 
In addition to the possible direct effects of protection, mesopredators may be attracted to the 
MRs because of indirect effects. For instance, the MRs could lead to an increase in prey, as 
well as an increase in ecosystem health. Research on NZ’s MRs has demonstrated structural 
changes in habitat and increased community resilience due to the effects of protection (Shears 
& Babcock 2002, Langlois et al. 2006). Furthermore, research outside of NZ has demonstrated 
 
 40 
a potential attraction of sharks to MRs, resulting in an increase in their relative abundances. 
For example, Goetze and Fullwood (2013) suggested that reef sharks were found in greater 
abundance in a MR in Fiji due to greater prey densities, rather than protection from fishing. 
This effect may be occuring in Fiordland, where an increased prey density is attracting small 
demersal sharks into MRs.  
 
Previous research in Fiordland reports varying results of the effects of MRs on key species 
(e.g., blue cod and spiny lobster). For instance, the most recent NIWA survey found little 
evidence for strong differences inside MRs compared to control sites outside, as well as over 
time (NIWA 2017). However, other research has found significant differences in some MRs 
compared with open fishing areas (Jack et al. 2009, Jack and Wing 2013). It is therefore unclear 
from prior research as to whether there has been an increase in prey densities within the 
sampled MRs to attract smaller sharks. Mesopredatory species have a diet primarily consisting 
of crustaceans and fish (Hanchet 1991, Horn 2016). Further research into the densities of their 
prey would be required to determine a possible attraction to the MRs in Fiordland and hence 
any possible indirect effects of protection.  
 
2.5.2. The varying effect of marine reserves on apex and mesopredatory sharks 
In contrast to mesopredators, sevengill sharks did not appear to be influenced by MRs as they 
were more often encountered in control areas with no detectable effect of protection. The 
question as to why smaller sharks may have increased in mean relative abundances and not the 
larger species is most likely due to their different ranging behaviours and fishing pressures in 
the region. Sevengill sharks are larger and more mobile predators. A study in San Francisco 
Bay demonstrated that they are capable of traveling distances of over 800 km (Ketchum et al. 
2017). In the Southwest Atlantic, Irigoyen et al. (2019) found that juvenile sevengill sharks 
may travel similar distances. Furthermore, in terms of finer-scale movement patterns, sevengill 
sharks tracked in the southeast of Tasmania were found to cover over 37 km during a 22-hour 
period (Barnett et al. 2010a). Given these traits, even if they displayed residency in Fiordland, 
sevengill sharks are unlikely to be completely protected within the MRs sampled (MRs were 
between 4.3 km2 and 36.7 km2 in size).  
 
In comparison to sevengill sharks, mesopredatory sharks with smaller home ranges could be 
completely protected within the MRs sampled. The effect of a MR on a targeted species partly 
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depends on whether its home range is found within the extent of protection (e.g., Weeks et al. 
2017). Otherwise, individuals that move beyond the MR are exposed to threats and are thus 
only partially protected (Kramer & Chapman 1999). Francis (2013) acoustically tagged 
juvenile rig sharks, a species of similar size and behaviour to spiny dogfish and school sharks, 
in a small estuary in NZ to study their temporal and spatial movements. Rig sharks were found 
to have a home range between 2-7 km2 (Francis 2013), a range that would be completely 
covered within some of the MRs sampled in this study. As previously mentioned, Da Silva et 
al. (2013) also found that the small Langebaan Lagoon MR (size=34 km2) in South Africa 
indirectly benefitted smoothhound sharks (Mustelus mustelus), a similar mesopredator. The 
Fiordland MRs are of a similar size to the coastal Langebaan Lagoon MR. This suggests that 
the sampled MRs may be of an adequate size to protect mesopredators with small home ranges.  
 
In addition to their ranging behaviour, sevengill sharks are known to display seasonal 
movement patterns, with high abundances in coastal areas during the summer and low 
abundances in the winter (Williams et al. 2012, Stehfest et al. 2014, Housiaux et al. 2019, 
Lewis et al. 2020). For instance, Lewis et al. (2020) showed a significant seasonal variation in 
abundance in a coastal bay in NZ, suggesting that sevengill sharks were not year-round 
residents. If sevengill sharks in Fiordland exhibit similar seasonal behaviour, they would likely 
migrate away from the protection of the MRs for at least part of the year. Although sevengill 
sharks can be incidentally caught as bycatch by recreational fishers, they are not known to be 
directly targeted in the region. Hence, there is also likely minimal fishing pressure outside of 
the MRs to cause a direct effect of protection on their distribution. This would not be the case 
throughout other parts of NZ, as the distribution of sevengill sharks overlaps with commercial 
fishing grounds and they are often caught as bycatch (Ford et al. 2018).  
 
Although I detected a spatial effect of protection for mesopredatory sharks, without a time 
series of their populations, I cannot say with certainty that the effects observed are due to MRs 
and not some spatial variations in habitat. Data before the MRs were implemented would be 
particularly useful to elucidate the apparent effects of the MRs found in this study. It is 
important to note that attempts were made to address spatial biases in sampling. For example, 
sampling points were allocated randomly, and the methods used inside and outside of the MRs 
were standardised. However, there could be inherent differences between MR and control sites 
due to differences in habitat that could not be accounted for in the sampling design. For 
example, there is a wide range of habitats within Fiordland, and some control areas had to be 
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located in different arms of the fjord (e.g., controls for the Wet Jacket MR). Nevertheless, the 
fact that all five MRs had higher relative abundances of mesopredators than their control areas 
(Figure 2.13) is a promising sign for the positive effects of MRs on biodiversity in Fiordland.  
 
2.5.3. Marine reserve comparison and potential nursery area 
The positive effect of MRs observed for mesopredators was found to vary among areas, with 
Gaer Arm and Long Sound MRs having a more pronounced effect. There are some plausible 
reasons as to why these MRs were found to have higher relative abundances of mesopredators. 
This could be due to the unique characteristics of each MR, as each varies in at least size, 
habitat, shape, previous fishing pressure, and environmental influences. For example, the Five 
Fingers MR is the most coastal MR in Fiordland, Long Sound MR is the largest MR in 
Fiordland, and Elizabeth Island is dominated by freshwater input from the Manapouri 
Hydroelectric Power Station. These characteristics could strengthen or weaken the effects of 
protection observed. 
 
The Gaer Arm MR, the most productive MR for sharks, is relatively small (size = 4.3 km2). 
However, the Camelot River flows into the MR, creating an estuarine environment. Estuaries 
are regarded to be areas of high productivity, often providing spawning and nursery grounds 
for a host of fish species (Boehlert & Mundy 1988), including elasmobranchs (e.g., Heupel & 
Simpfendorfer 2011, Francis 2013). Although the most recent NIWA survey in 2016 found no 
overall evidence for strong differences in species abundance due to Fiordland MRs, Gaer Arm 
MR was found to have a significantly greater abundance of blue cod (Parapercis colias) inside 
the MR (NIWA 2017). Furthermore, Jack et al. (2009) found a significantly higher relative 
abundance of red rock lobsters (Jasus edwardsii) within the Gaer Arm MR compared to open 
fishing areas. These results may be indicative of a more productive habitat, which could result 
in a higher relative abundance of mesopredators. 
 
The Long Sound MR also had relatively high densities of mesopredators compared to its 
control area and other MRs. As mentioned previously, Long Sound MR is the largest MR in 
Fiordland (size = 36.7 km2). The effectiveness of MRs is generally considered to increase with 
size as a greater fraction of mobile species remain protected (Claudet et al. 2008). Due to the 
size of the MR, it would be the most likely to cover the home ranges of mesopredators, 
potentially offering complete protection. Long Sound MR also has a shallow sill and a 
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distinctive narrow entrance, which acts as a barrier to deep oceanic water from the open coast 
(DOC 2018). Because of these geographical features, Long Sound MR is usually dominated 
by a thick freshwater layer at the surface which would create a gradient in temperature and 
salinity between the MR and sites outside in Preservation Inlet (DOC 2018). This difference in 
environmental conditions and the isolated location of the MR has resulted in a unique 
ecological environment (Wing & Jack 2010, DOC 2018), which may influence shark 
distribution in the area.  
 
Environmental influences in other MRs may also affect the distribution of sharks. For example, 
the Elizabeth Island MR is in close proximity to the Manapouri Hydroelectric Power Station. 
Jack et al. (2009) found a low abundance of red rock lobsters in the Elizabeth Island MR, and 
it was suggested that the large freshwater input from the power station was affecting habitat 
quality. The study found an extremely low abundance of bivalves in the MR (Jack et al. 2009), 
providing evidence that local conditions were countering the effect of protection. The 
freshwater input close to the Elizabeth Island MR may therefore lessen the benefits provided 
for sharks in Doubtful Sound. 
 
 
Figure 2.15. Juvenile broadnose sevengill shark (Notorynchus cepedianus) detected in a BRUVs 
deployment in the Gaer Arm Marine Reserve in Fiordland, New Zealand. The blue lines along the white 
reference length pole are spaced at 10 cm increments. 
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A neonate and juvenile sevengill shark (e.g., Figure 2.15) were detected within the Gaer Arm 
MR (the neonate was the smallest sevengill sharks identified throughout the whole project). 
This suggests that the Gaer Arm MR may be a nursery ground. The coastal waters of NZ are 
used as nursery grounds for several elasmobranchs, including two small sharks found in this 
study: rig and school sharks (Francis 2013). To be considered a shark nursery, Heupel et al. 
(2007) proposed the following criteria: the nursery should have (1) higher encounter rates of 
sharks in the area compared to other areas; (2) tendency of sharks to remain or return for 
extended periods (i.e. site fidelity); (3) repeated use of the area across years. The Gaer Arm 
MR was found to have the highest relative abundances and encounter rates of sharks compared 
to any other area sampled in the study, satisfying criteria (1). In particular, there were high 
relative abundances of spiny dogfish (Table 2.3, Appendix 2; Figure A2.3), as well a higher 
relative abundance of sevengill sharks compared to the control area (the only MR for which 
this was the case). The higher relative abundance of sharks inside the MR was found to be 
consistent across seasons, which partially meets criteria (2) and (3). Further research (e.g. 
tracking individuals) would be required to convincingly know whether or not this area meets 
the stated criteria and is utilised as a nursery for sharks in the region.  
 
2.5.4. Distribution of sevengill sharks in Fiordland 
This chapter presented the first investigation into the distribution of sevengill sharks in 
Fiordland. Although an important top coastal predator, relatively little is known about sevengill 
shark distribution in NZ. Sevengill sharks were found to be sparsely spread throughout the 
region, with a low encounter rate (detected in 12.4% of total deployments). Given the high 
sampling effort (192 deployments of BRUVs), this paucity in encounters suggests that 
sevengill sharks occur at low densities in the region. The implications of these distribution 
results are important as sevengill sharks can be recreationally caught (maximum daily limit of 
one per fisherman). Although they are unlikely to be targeted directly in the region, any 
anthropogenic impacts remain unquantified.  
 
When designing the network of MRs in Fiordland, there was no consideration given to the 
well-known aggregation sites for sevengill sharks (pers. comm., Steve Wing). For instance, 
anecdotal reports from divers and fishermen in Dusky Sound regularly confirm that they often 
encounter sevengill sharks off Anchor Island, Cascade Cove, Shark and Supper Cove; areas 
outside of the MR network (see Figure 2.10b). These areas were found to have the highest 
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encounter rates of sevengill sharks in this current research (Figure 2.10b). It therefore appears 
that the MR network does not capture the important and utilised habitats of sevengill sharks in 
the study area, as they were more often encountered in control and exploratory deployments. 
This current finding highlights the importance of protecting known aggregation sites of shark 
populations when designing MRs to provide conservation benefits, particularly for the larger 
and more mobile species. 
 
During the research, sevengill sharks were also often encountered near the Deep Cove wharf 
whilst embarking and disembarking the vessel. Interestingly with these encounters and 
anecdotal reports, sevengill sharks appear to be attracted to areas of human influence such as 
fishing vessels, moorings, wharfs, and fixed barges. Sevengill sharks are opportunistic 
predators (Ebert 1991). They may be attracted to an alternative food source provided by boats 
and divers in the region. More direct targeting of these areas would help to reveal more detailed 
information about the distribution of sevengill sharks in Fiordland. 
 
A greater number of sevengill sharks were encountered in summer compared to winter in 
Doubtful and Bradshaw Sound, possibly suggesting a seasonality in their distribution. This 
seasonality could be a response to an increase in temperature in summer as seen elsewhere 
(Williams et al. 2012, Stehfest et al. 2014), or from a potential increase in seasonal prey 
abundance, as suggested for sevengill sharks off Tasmania (Barnett et al. 2010a). This 
seasonality in distribution, with high abundances in summer and near absences in winter, is 
common throughout the world (Lucifora et al. 2005, Williams et al. 2012) and was also found 
locally in Otago Harbour (Housiaux et al. 2019). Given that sampling during this study was 
conducted in summer and early autumn in Dusky and Breaksea Sound, and in summer in Long 
Sound and Preservation Inlet, it is not possible to comment on potential seasonality in these 
areas. It would be useful to know whether sevengill sharks have a similar seasonal distribution 
in Fiordland, as seen in Doubtful and Bradshaw Sound, which is a potential area for future 
research.  
 
2.5.5. Caveats and limitations 
When interpreting the results of this study, it is important to acknowledge the limitations of 
combining different species for the analysis of mesopredators. These species were combined 
to enhance the power of the statistical analysis. Although they all exhibited a higher relative 
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abundance within the MRs (Appendix 2; Figures A2.5, A2.6, A2.7), the degree of this positive 
effect varied among species and in each area sampled. As they are smaller sized demersal 
sharks, they occupy a similar trophic position and have very different ranging behaviour and 
foraging ecology compared to sevengill sharks. However, they still have inherent differences 
in their biology and likely have slight differences in prey preferences and ranging behaviours. 
For instance, a diet study of school sharks in Argentina demonstrated that adults feed 
predominately on benthic and demersal teleosts, with invertebrates as minor prey (Lucifora et 
al. 2006). In contrast, Horn (2016) demonstrated that invertebrates (mainly crustraceans) 
dominated the diet of carpet sharks in NZ (36% consisted of crustaceans and 31% of fish). In 
addition, the fishing pressure on each species varies in the region. Further sampling in future 
could enable an analysis of each individual species, as well as a chance to investigate any 
temporal changes. It is also possible that the MRs could protect different components of shark 
populations (e.g., segregated by gender and/or age; Strasburg 1958). Therefore, variations in 
the effect of protection for different life-history stages could be investigated in the future.  
 
The abundance metric employed in this study for mesopredators (i.e. “MaxN”) is commonly 
used for analysing BRUV data and should yield unbiased estimates of relative abundance at 
different sampling sites (Whitmarsh et al. 2017). However, as different individuals may not all 
appear concurrently in the field of view, it almost certainly provides an underestimate of the 
true abundance present (Schobernd et al. 2014). Investigation of methods to distinguish 
between individual mesopredators could mitigate this bias. Little is currently known about how 
sharks respond to varying bait plumes, and these responses may vary among and even within 
species (Byrnes & Brown 2016). Therefore, it would also be useful to understand more about 
the bait plume, and the effective area sampled by each deployment. Due to the camera housings 
used in this study, the BRUV system was limited to a depth of 30 m. It would be interesting to 
use BRUVs to sample at a wider range of depths, to investigate the effects of depth on the 
relative abundance of shark populations as well as to investigate species assemblage in deeper 
habitats in Fiordland.  
 
It is also important to note that the specific restrictions of the control areas sampled in the study 
varied. For example, all the control areas apart from Five Fingers were located in the inner 
fiords and closed to commercial fishing. In contrast, the control areas for the Five Fingers MR 
were on the outer coast, where commercial fishing is allowed. The control areas in Doubtful 
Sound also have further recreational fishing restrictions on blue cod, while the control areas in 
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Bradshaw Sound do not have these restrictions in place. I recognise that variations in the 
management of control areas could potentially influence the degree of the MR effects observed 
in this study. Unfortunately, this study was unable to sample the Te Awaatu Channel (The Gut) 
MR because of the presence of fragile benthic habitat. This MR was one of the first MRs 
designated in Fiordland in 1993 and is only 0.93 km2 in size. Given these unique characteristics 
compared to the other MRs (in terms of size and age), it would be interesting to investigate the 
relative abundances of sharks in this MR in comparison to the larger but more recent MRs in 
Fiordland.  
 
As stated, the MR network was not designed with any consideration given to coastal shark 
species (pers. comm., Steve Wing). Therefore, the apparent positive conservation benefits 
provided for mesopredatory sharks are an incidental consequence of the MR implementations. 
To the best of my knowledge, unlike sevengill sharks, there have been no previously productive 
areas identified for mesopredatory sharks in the region. It is therefore possible that given these 
results, the sampled MRs may have captured mesopredatory shark hotspots in the region, 
resulting in the higher relative abundances observed in protected habitats. However, further 
targeted sampling, including habitat modelling, would be required to confirm this possibility.  
 
2.5.6. Evaluating the performance of BRUVs for shark detection 
The use of BRUVs to determine the distribution of coastal shark species in MRs proved 
successful. The BRUV system recorded at least one shark species in each of the MR and control 
areas sampled. Since the designation of the FMA in 2005, the majority of MR surveys 
conducted (e.g., Wing 2006b, Wing & Jack 2008, 2010, NIWA 2009, 2014, 2017) have been 
surveyed using UVC. This study provided an alternative approach to surveys of MRs in 
Fiordland. Although BRUVs have their own inherent biases, they can address some of the 
limitations of UVC. For example, BRUVs increase the probability of detecting more mobile 
predators (Colton & Swearer 2010), have a lower subjectivity compared to counts by divers 
(Lowry et al. 2012) and can sample at greater depths. Given the paucity of shark encounters 
from the UVC surveys (NIWA 2009, NIWA 2014, NIWA 2017), the results reported here 
suggest that BRUVs may be a useful addition to complement surveys of MRs in the region. 
The BRUVs data can be a valuable asset to contribute to MR monitoring in Fiordland, 
especially considering how little systematic monitoring is in place in MRs (Willis 2013). As a 
result of this study, there is now a data set for not only shark species in MRs and control areas 
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sampled, but also for a range of other species often detected in the footage, such as blue cod, 
tarakihi (Nemadactylus macropterus), hāpuku (Polyprion oxygeneios), spotted wrasse 
(Notolabrus celidotus), and butterfly perch (Caesioperca lepidoptera). Analyses of these other 
species could offer an alternative approach to evaluate the efficacy of the MRs sampled and to 
further our understanding of the effects of protection in Fiordland. 
 
Many alternatives to BRUVs for quantifying the relative abundance of sharks are a lot more 
intrusive on the study species (e.g., Ebert 1984, Lucifora et al. 2005, Irigoyen et al. 2018). 
Methods such as long-lining can often result in direct or post-release mortality (Santana-
Garcon et al. 2014). Furthermore, given the size and nature of sevengill sharks they can be 
difficult to handle, creating a risk for the researcher. In contrast, BRUVs worked well for this 
research, without any need to physically interfere with the animals. Their portability made them 
convenient on smaller vessels and for storage on larger vessels during an expedition, and their 
cost-effectiveness made BRUVs an effective methodology to conduct this research.  
 
2.6. Conclusion 
This chapter presented the first study of shark distribution in Fiordland, as well as the first 
attempt to assess the effect of MRs on sharks in NZ. Although the MRs sampled in Fiordland 
were not designed for sharks, small demersal species were found to have higher relative 
abundances in MRs compared to control areas with a significant effect of protection detected. 
The sampled MRs therefore, appear to be providing conservation benefits for small demersal 
sharks, most likely due to their small home ranges and fishing pressure outside of protection. 
In contrast, there was no evidence that the relative abundance of the larger and more mobile 
species, sevengill sharks, was affected by MRs. These results emphasise the need to consider 
the size of MRs required for the effective protection of species with different ranging 
behaviour. This study then suggests that if MRs are appropriately sized, they can provide 
conservation benefits for sharks. However, appropriate monitoring of MRs is crucial to be able 
to accurately determine the ensuing effects. In particular, it is important to gather baseline data 
before their designation. Since there are no pre-existing data on shark distribution surrounding 
MRs within the study area, I recommend that further sampling is required to corroborate these 
findings. In addition to these findings, BRUVs proved a successful method to investigate shark 
distribution, providing an alternative method for monitoring elusive and more mobile species 
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in the region. As a result of this study, there is now a data set for a range of other species 
detected. These data, therefore, provide an opportunity for future research, to better understand 
the effects of protection in Fiordland. Overall, this study has contributed to describing the 
unique biodiversity within Fiordland, and to understand the broader effects of marine 








Chapter 3: Investigating the fine-scale effect of a marine reserve 




The Elasmobranch fishes, particularly sharks, comprise of one of the most widespread and 
diverse clades of predators (Compagno 1990, White & Last 2012). Over 500 species of sharks 
of varying sizes and life histories inhabit coastal and pelagic waters from the near-surface to 
the deep ocean (Compagno 1990, Helfman et al. 2009, Myers et al. 2020). Large (>2 m) 
predatory sharks, such as the white shark (Carcharodon carcharias) and the broadnose 
sevengill shark (Notornychus cepedianus), are often apex predators in coastal ecosystems 
(Barnett et al. 2012, Fallows et al. 2013). As apex predators, they play an important role in 
stabilising coastal and pelagic marine food webs (e.g., Stevens et al. 2000, Ferretti et al. 2010, 
Heithaus et al., 2012). They exert top-down control (Baum & Worm 2009), shaping ecosystem 
structure and function via direct and indirect effects on prey (Worm & Myers 2003). Large 
mobile sharks also appear to act as important agents of nutrient transfer among habitats 
(Williams et al. 2018), connecting widely spaced food webs (Musick et al. 2004). When top 
predators are removed from an ecosystem, broad and complex ecological changes occur, 
including mesopredator releases and trophic cascades (Daskalov 2002, Myers et al. 2007, 
Ferretti et al. 2010, Heupel et al. 2014) that can destabilise marine ecosystems (Shepherd & 
Myers 2005) and consequently degrade habitat (Bascompte et al. 2005). It is therefore essential 
that the oceans retain healthy populations of large sharks.  
 
Many shark species are undergoing significant population declines (Dulvy et al. 2014, Spaet et 
al. 2016, IUCN SSG 2020). In New Zealand (NZ) for example, the basking shark (Cetorhinus 
maximus) has disappeared from coastal waters where it was once abundant (Francis & Smith 
2010, Ford et al. 2018). These declines are concerning, not only because of the degradation of 
marine ecosystems (Shepherd & Myers 2005, Heithaus et al. 2007, Ferretti et al. 2010), but 
also because of the concomitant repercussions for human livelihoods (Shepherd & Myers 2005, 
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Heithaus et al. 2007, Ferretti et al. 2010). The diminution of shark populations is caused by 
well-known impacts such as intense fishing pressure (Dulvy et al. 2014, Davidson et al. 2015), 
and the life-history characteristics that hinder their capacity to recover (Barker & Schluessel 
2005, García et al., 2007, Jacques 2010). The decline is further exacerbated by a lack of 
effective management (Stevens et al. 2000, Oliver et al. 2015, Dulvy et al. 2017). In Europe 
for example, the mismanagement of the spiny dogfish (Squalus acanthias) population played 
an important part in their population collapse (Fordham 2006). Given the ecological roles of 
sharks as top predators and the economic value of a burgeoning shark tourism industry 
(Cisneros-Montemayor et al. 2013), sustainably and effectively managing shark populations 
should be prioritised in marine conservation.  
 
An important management option for the conservation of shark populations is the 
implementation of marine reserves (MRs). MRs are a type of marine protected area (MPA), 
also known as no-take MPAs and Type-1 MPAs in NZ, which prohibit any extractive or 
destructive activity. The use of MRs has rapidly increased over the past few decades (Duarte 
et al. 2020). Although it was originally thought that highly mobile species would not benefit 
from small and fixed reserves (e.g., DeMartini 1993, Walters et al. 1999), recent research has 
indicated that MRs can offer conservation benefits for large sharks (e.g., Goetze & Fullwood 
2013, Dick & Jefferies 2013, Daly et al. 2018, MacKeracher et al. 2019). To the best of my 
knowledge, research on the effects of MRs on large sharks has not yet been attempted in NZ. 
As with most research on MRs (Flournoy 2003), the focus in NZ has been on commercially 
important species (e.g., Kelly et al. 2000, Langlois et al. 2006, Smith et al. 2014, Davidson & 
Richards 2013, NIWA 2017). The research reported here is motivated by the need to address 
the current lack of scientific knowledge of the effect of MRs on large sharks in NZ. This type 
of research could help to evaluate the broader effects of MRs and their applications for highly 
mobile species. 
 
There are several large predatory shark species that occur in NZ waters. For instance, the 
sevengill shark, blue shark (Prionace glauca), shortfin mako shark (Isurus oxyrinchus), 
thresher shark (Alopias vulpinus), bronze whaler shark (Carcharhinus brachyurus), and the 
white shark (Finucci et al. 2019). Of these species, sevengill sharks are the ideal candidate for 
this research. Sevengill sharks consume a wide variety of prey species such as bony fish, other 
chondrichthyans, and marine mammals (Ebert 1986), and are considered to be one of the most 
important high trophic level predators in temperate coastal communities (Barnett et al. 2010b) 
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, an observation supported recently in NZ (mean trophic level of 3.9; Edwards 2020). Unlike 
other large shark species which can often be pelagic (e.g., the shortfin mako shark; Vaudo et 
al. 2017), sevengill sharks occur from inshore coastal waters and harbours to the continental 
shelf (Ebert 1989, Lucifora et al. 2005, Last & Stevens 2009). They are believed to be relatively 
abundant in NZ waters (Ford et al. 2018) and have a distribution that overlaps with coastal 
MRs. For example, previous research has detected sevengill sharks inside or close to several 
MRs (e.g., Hardy et al. 1987, Brough et al. 2018a, Housiaux et al. 2019, Lewis et al. 2020).  
 
Te Whaka ā Te Wera (Paterson Inlet) is a sheltered 89 km2 shallow (<30 m) tidal inlet on the 
eastern side of Rakiura (Stewart Island; Figure 3.1). Recent research (Housiaux et al. 2019, 
Lewis et al. 2020) has demonstrated that sevengill sharks are present year-round in the inlet. 
Housiaux et al. (2019) detected sevengill sharks on 75% of trips during spring in Paterson Inlet, 
with an average of 3.29 individual sharks per trip. Although sevengill sharks are part of the 
Hexanchidae family, which are often regarded to be found in deep waters, Lewis et al. (2020) 
encountered a high density of sevengill sharks in the shallow northwest part of the inlet. Lewis 
et al. (2020) deployed baited remote underwater video (BRUVs) systems in places where 
sevengill sharks were thought to aggregate, recording 149 individuals throughout his 18 month-
long study. Because an accessible MR exists in Paterson Inlet, this area presents an excellent 
location to research the effect of protection on a demonstrated high abundance of top predators. 
 
The Te Wharawhara (Ulva Island) MR in Paterson Inlet was established in 2004 under the 
Marine Reserves Act 1971. The MR was originally designated because it represented the 
variety of habitats found within the inlet (DOC 1994). The Ulva Island MR is situated in the 
eastern part of Paterson Inlet (Figure 3.1) and consists of three separate sections (total area of 
10.75 km2; 12% of Paterson Inlet). However, the MR is not the only protection measure in 
Paterson Inlet as there has been a commercial fishing ban established since 1994 (Macklé 
2009). Paterson Inlet is also a Mātaitai Reserve (effective since 2006; Wing 2006a). The 
Mātaitai Reserve is a customary form of management, which excludes commercial fishing and 
allows the making of bylaws to manage fishing activities. For instance, the use of drag nets, 
fishing for scallops (aside from in Big Glory Bay) and capture of shortfin mako sharks and 
white sharks are all prohibited. There are also catch limits on finfish and shellfish, and a ban 
on taking pāua (Haliotis iris) around the Bravo Islands (DOC 2012). In Big Glory Bay, in the 
southwest part of the inlet, there are commercial aquaculture facilities producing green lipped 
mussels (Perna canaliculus) and chinook salmon (Oncorhynchus tshawytscha), which were 
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established in the 1980s (James et al. 2018). Although aquaculture has the potential to alter the 
marine environment in the inlet (Goldburg & Naylor 2005), annual monitoring has not shown 
any changes in water quality beyond a few metres from the farms (Findlay et al. 1995, James 
et al. 2018).  
 
While sevengill sharks are not directly targeted by fisheries in the inlet, they may indirectly 
benefit from the Ulva Island MR due to the effect of protection on their lower trophic level 
prey species. To date, there has been little monitoring of the Ulva Island MR, so it is unclear 
whether protection has resulted in increases in the abundance of prey species to potentially 
attract sevengill sharks. In 2006, a baseline ecological survey (Wing 2006a) found higher 
relative abundances of exploited species such as blue moki (Latridopsis ciliaris) and blue cod 
(Parapercis colias) in the MR. However, the study suggested this result was most likely due 
to shifts in home ranges, rather than increases in population sizes, because of the short duration 
of protection (Wing 2006a). A more recent study (Mello et al. 2020) on the effect of the MR 
on benthic invertebrates however, found a positive and significant effect of protection from 
2007 to 2018, demonstrating that the MR has increased the biodiversity of the benthic 
invertebrate community.  
 
Species distribution modelling (SDM) is a common statistical method used to derive 
predictions of the effect of environmental and biological variables on species distribution 
(Dambach & Rödder 2011). SDM works by relating explanatory variables directly to the 
species occurrence or abundance, to determine the relative effect of each variable (e.g. 
McCallister et al. 2013, Drymon et al. 2014). It has been suggested that environmental 
characteristics such as the water temperature (Williams et al. 2012, Housiaux et al. 2019), depth 
(Barnett et al. 2010a, Nakamura et al. 2011), and salinity (Knip et al. 2010, Schlaff et al. 2014) 
may influence sevengill shark distribution.  
 
This chapter aims to examine the effect of the Ulva Island MR on the distribution of sevengill 
sharks. Baited remote underwater videos (BRUVs) were deployed inside the MR and outside 
to quantify the relative abundance of sharks. Since sevengill shark distribution is known to be 
affected by a range of factors other than prey distribution, differences in habitat characteristics 
between the MR and control sites were accounted for by including environmental variables in 
a SDM approach. The results were then critically evaluated in terms of the characteristics of 
the Ulva Island MR and its efficacy in protecting a wide-ranging top predator. 
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Figure 3.1. a) Aotearoa (New Zealand). b) Rakiura (Stewart Island). c)  Te Wharawhara (Ulva Island) 
Marine Reserve in Te Whaka ā Te Wera (Paterson Inlet). Blue shading indicates the extent of the 
southern part of Ulva Island MR. Blue striped area marks the extent of the northern sections of the Ulva 





3.2.1. Study site 
The Ulva Island MR (Figure 3.1) in Paterson Inlet, Stewart Island, NZ, is comprised of three 
separate areas: two small areas north of Ulva Island (approximately 0.2 km2 and 2.0 km2) and 
a third area located to the south-west of Ulva Island (approximately 8.6 km2; Figure 3.1). Only 
the southern part of the MR was sampled, as it was deemed that this larger section would be 
the most likely to affect the distribution of sevengill sharks. 
 
3.2.2. Study design 
To investigate the effect of the Ulva Island MR on the distribution of sevengill sharks, random 
sampling using BRUVs was carried out within the MR and adjacent control areas in Paterson 
Inlet. Control areas were chosen to represent similar habitat to the MR, in terms of distance 
from the entrance of Paterson Inlet, the orientation of the area, and depth (Figure 3.1). Before 
each field trip, a set of random coordinates for potential sampling points within the MR and 
control areas was generated using ArcGISv10.3 (ESRI 2018). All potential sampling points 
were between 10 m and 30 m in depth. Similar to the study design described in Chapter 2, each 
potential sampling point was spaced >500 m apart to minimise the likelihood of overlapping 
bait plumes. In addition, control areas were at least 500 m from the MR boundary to minimise 
confounding effects due to potential spillover effects from the MR. 
 
3.2.3. Field methods and equipment 
Sampling was conducted during five discrete trips to Stewart Island from 24th to 29th April 
2018, 10th to 20th February, 8th to 17th April, 10th to 16th June, and 7th to 16th November 2019. 
Sampling was conducted from the research vessel (R/V) ‘Moki’, a 4.3 m aluminium vessel 
powered by a 50-horsepower outboard motor, provided by the University of Otago (Figure 
3.2). BRUVs were used to estimate the relative abundance of sevengill sharks (see Chapter 2; 
Figure 2.6). The BRUV system was the same used throughout the research in Fiordland. The 
only difference was the bait type used in this study, which was blue cod frames (i.e. head and 



















Figure 3.2: University of Otago’s research vessel ‘Moki’ from which the data for this chapter were 
collected in Paterson Inlet, Stewart Island, New Zealand. Image provided by Rob Lewis.  
 
Whilst on a field trip, the choice of which area to sample was made each day based on suitable 
weather conditions. The fieldwork was restricted to sea states < Beaufort 4 and swell heights 
< 1 m. All research was conducted during daylight hours. Although sevengill sharks are known 
to be crepuscular like most members of Hexanchidae (Barnett et al. 2012), other research in 
the area successfully detected sevengill sharks during the day (e.g., Housiaux et al. 2019, Lewis 
et al. 2020).  
 
In the field, upon arriving at a deployment location, the relevant information (location, date, 
time), GPS co-ordinates (initially and finally via a GarminTM GPSMAP), and deployment 
depths (via echo-sounder) were recorded. Then the BRUVs were set up and deployed 
overboard. The bait quantity was a standardised 500 grams for each deployment. 
Environmental variables were also recorded in-situ at each deployment site. These included 
the water salinity (PSU) and temperature (°C) at 5 m depth (via a Hanna HI98194 
multiparameter instrument). BRUVs deployments were standardised to a soak time of one 
hour. Field methods were standardised inside and outside of the MR. While more control sites 







3.3.4. Video analysis  
 
Recorded videos were analysed in VLC media playerTM to estimate the relative abundance of 
sevengill sharks. As described previously, sevengill sharks have dorsal spot patterns unique to 
each individual (Housiaux et al. 2018, Lewis et al. 2020). Therefore, when examining the 
BRUVs footage, the count of unique individual sharks during each deployment was used as a 
measure of relative abundance. For further specifics, please refer to the methodology in 
Chapter 2 (Section 2.3). Relative abundances of sevengill sharks were standardised to the soak 
time of one hour, producing a rate of shark sightings (individuals h-1). To estimate the mean 
relative abundance of sharks in the MR and in the combined control areas, the relative 
abundance (individuals h-1) for each deployment in the area was averaged (“mean individuals 
h-1”). 
 
3.2.5. Statistical analysis 
Generalized linear models (GLMs; McCullagh & Nelder 1989, White and Bennetts 1996) were 
used to assess the effect of the MR compared to other variations in habitat among deployments. 
A GLM is an extension of ordinary linear regression that allows for response variables with 
data of non-normal error distributions, using a function to link predictors to a response variable 
(McCullagh & Nelder 1989). This analytical approach is common in studies using BRUVs to 
assess the effect of multiple variables on shark distribution (e.g., Espinoza et al. 2014, Tickler 
et al. 2017, Acuña-Marrero et al. 2018, Speed et al. 2018). The MR factor and variations in 
habitat were included as explanatory variables in the model (Table 3.1). The dependant variable 
was the count of sevengill sharks during each deployment (i.e., individuals h-1). Given the count 
data generated had a high number of zeros, negative binomial (NB) regression was chosen over 
Poisson regression because it allows for greater overdispersion. Other studies which had 
similar count data have used NB regression (e.g., White & Bennetts 1996, Twist et al. 2016).  
 
3.2.5.1. Explanatory variables 
The control areas were specifically chosen to represent similar habitat to the MR. For example, 
each deployment inside and outside of the MR was paired such that environmental conditions 
should be similar. Therefore, the major difference among deployment locations should have 
been whether they were inside the MR or not. However, to account for possible variations in 
habitat due to distance from the entrance to Paterson Inlet, depth, temperature, and salinity 




Table 3.1. Explanatory variables used in the general linear models (GLMs) to assess the effect of 
protection on the distribution of broadnose sevengill sharks (Notorynchus cepedianus) in Paterson Inlet, 










Sharks are primarily ectothermic; their core body temperatures and hence key physiological 
and metabolic functions are controlled by the surrounding water temperature (Schlaff et al. 
2014). Most sharks are therefore sensitive to changes in temperature, moving to areas that suit 
their preferences (Williams et al. 2012, Schlaff et al. 2014, Irigoyen et al. 2019). In southern 
NZ, the water temperature has previously been found to be a key predictor of sevengill shark 
occurrence (Housiaux et al. 2019). Salinity is also known to affect the distribution of coastal 
sharks (Heupel & Simpfendorfer 2008, Froeschke et al. 2010, Knip et al. 2010). The water 
salinity has a strong effect on their physiology as most species are stenohaline and occupy a 
narrow salinity range (Froeschke et al. 2010). Many shark species also have preferences for a 
particular depth range (e.g., Sepulveda et al. 2004, Nakamura et al. 2011). The variation in 
deployment depths could influence the likelihood of detecting sharks, so was included as an 
explanatory variable, as in similar studies (e.g., Espinoza et al. 2014, Tickler et al. 2017).  
 
3.2.5.2. Testing for multicollinearity  
Multicollinearity among explanatory variables can result in incorrect inferences concerning 
their effects (Dormann et al. 2013). Therefore, prior to model building, variance inflation 
factors (VIFs; Neter et al. 1990) were calculated using the “car” package (version 3.0-8) in R 
(version 1.3.959; R Core Team 2020) to determine if significant multicollinearity occurred. No 
comparisons had a VIF exceeding the critical threshold of two (Neter et al. 1990), so all 
explanatory variables were included in the candidate models (Appendix 3; Table A3.1).  
 
 
Abbreviation Explanatory Variable Variable Type 
Temp Temperature (°C) at 5 m depth Continuous 
Sal Salinity (PSU) at 5 m depth Continuous 
Status MR Status (“Yes” or “No”) Categorical (2 levels) 
Depth Depth (m) of each deployment Continuous 
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3.2.5.3. Model selection  
A suite of GLMs was constructed with all possible combinations of the explanatory variables 
using the R package glmulti (Version 1.0.8) (Calcagno and de Mazancourt 2010). The glmulti 
package finds and ranks the best explanatory model among a set of competing models by using 
Akaike’s Information Criterion (AIC; Burnham & Anderson 2002), corrected for small sample 
size (AICc; Johnson and Omland 2004). The best model of those tested is the model with the 
lowest AICc value, based on a compromise between model simplicity and fit to the data 
(Burnham et al. 2011, Symonds & Moussali 2011). The AICc was used since the number of 
parameters was > n/40 (n=sample size; Johnson and Omland 2004). With AICc, Akaike weights 
(ωí) can be calculated and then interpreted as conditional probabilities for each model, with the 
sum of all the models’ Akaike weights equalling one (Wagenmakers & Farrell 2004). The 
performance of each model can be evaluated with pseudo-R-squared values, which indicate 
what amount of variability in the dependent variable was explained by the model.  
 
3.2.5.4. Model averaging  
If there was not a clear best model, i.e. if another model fell within two AICc points of the one 
with the minimum AICc value (Symonds & Moussali 2011), then a multi-model averaging 
approach was used. Multi-modelling averaging produces parameter estimates and standard 
errors by which each model adds to a weighted mean relative to its model likelihood (Burnham 
& Anderson 2002). This allows for a better evaluation of the predictor variables when there is 
uncertainty around the best model in the set. To determine which models were included in the 
model averaging, a threshold of six AICc points was used. This selection threshold has been 
shown to be an effective cut-off point for model averaging in ecological research (Richards 
2008, Symonds & Moussali 2011, Twist et al. 2016). In addition to model averaging, the 
relative importance (i.e. the Index of Relative Importance; IRI) of each explanatory variable 
could be examined (Burnham 2015). The IRI indicates the degree to which each explanatory 
variable contributes to the top-ranked models (within six AICc points; Burnham 2015). The 
importance of each variable in determining the relative abundance of sevengill sharks was 
assessed with the IRI and the significance level of the variable. To plot the model-averaged 
effects of the MR status, as well as any other important explanatory variable, the functions 





3.2.5.5. Model diagnostics  
The “DHARMa” package (version 0.2.7) in R was used for model checking, the same 
methodology used to validate the GLMs constructed for the Fiordland data (see Chapter 2 for 
specific methods). The best-fit GLM model was validated using diagnostic plots (Appendix 3; 
Figure A3.1). 
 




3.3.1. Summary of deployments and encounters  
In total, BRUVs were deployed at 125 sites within the study area in Paterson Inlet, from April 
2018 to November 2019. There were 57 deployments in the MR and 68 in the adjacent control 
areas (Table 3.2). The BRUVs recorded sevengill sharks in 26 deployments, with at least one 
or more sharks present (21% encounter rate). There was a slightly higher encounter rate within 
the MR compared to the control areas (23% vs 19%; Table 3.2). In addition, there was a slightly 
higher mean number of individuals detected per deployment in MRs compared to the control 
areas (Table 3.2, Figure 3.4). The greatest number of individuals detected during a single 
deployment was in the MR (4 individuals h-1; Table 3.2, Figure 3.3). The majority of sharks 
encountered outside of the MR were in relatively close proximity (< 2 km) to the boundary, 
surrounding the Bravo Islands and north of Ulva Island (Figure 3.3). Very few sharks were 
located north of the MR heading towards the upper end of the inlet (Figure 3.3). There was no 
obvious distribution pattern within the MR (Figure 3.3).  
 
Table 3.2. Summary of deployment details, including the number, percentage of deployments with 
encounters (%), maximum and mean number of broadnose sevengill sharks (Notorynchus cepedianus) 
per deployment of BRUVs in the Te Wharawhara (Ulva Island) MR compared to control areas in 
Paterson Inlet, Stewart Island, New Zealand.  
 
 
Status Deployments Encounter rate (%) Max individuals h
-1 Mean individuals h
-1 
(SE) 
MR 57 23 4 0.35 (0.102) 







































































Figure 3.4. Mean relative abundance (mean individuals h-1) of broadnose sevengill sharks (Notorynchus 
cepedianus) within the Te Wharawhara (Ulva Island) Marine Reserve (MR) and control sites in 
Paterson Inlet, Stewart Island, New Zealand. Error bars represent ±1 SE. “MR” = marine reserve, 
“Control” = control sites. Total deployments in the MR = 57, total deployments in control areas = 68.  
Big Glory Bay 
Bravo Is. Individuals h-1 
Figure 3.3. Distribution, including the relative abundance (individuals h-1), of broadnose sevengill 
sharks (Notorynchus cepedianus) detected during deployments of BRUVs within the Te Wharawhara 
(Ulva Island) Marine Reserve (MR) and adjacent control areas, Paterson Inlet, Stewart Island, New 
Zealand. Black dots indicate BRUVs deployments without encounters. The blue shaded area represents 




3.3.2. Seasonal effects on sevengill shark distribution 
The highest mean relative abundances of sevengill sharks were observed in the autumn and 
winter seasons in the study area (Figure 3.5). For instance, the autumn 2018 sampling period 
had the highest mean relative abundance of sharks (0.57 mean individuals h-1; Figure 3.5), 
whereas summer had the lowest mean relative abundance (0.13 mean individuals h-1; Figure 
3.5).  
 
Salinity levels were lowest during the April (autumn) 2018 sampling trip (mean = 32.14 PSU 
at 5 m depth) compared to the other trips (e.g., February (summer) 2019 mean = 33.88 PSU, 
June (winter) 2019 mean = 32.63 PSU, at 5 m depth). Also, during the April 2018 trip, the 
salinity averages at 5 m depth inside the MR were very similar to control areas outside (inside 
= 32.14 PSU, outside = 32.15 PSU; Table 3.3). This indicates that more environmental 
variation occurred between trips than between MR and control sites. The warmest water 
temperatures were observed in February (summer) 2019 (mean = 16.17°C at 5 m depth), 
whereas the coolest temperatures were in November (spring) 2019 (mean = 10.65 °C at 5 m 
depth). 
 
Table 3.3. Summary of deployment details including the mean relative abundance per deployment of 
broadnose sevengill sharks (Notorynchus cepedianus), as well as the averaged water temperature (°C) 
and salinity (PSU) recordings at 5 m depth, across the different seasons sampled in the study area in 
Paterson Inlet, Stewart Island, New Zealand. Seasons based on meteorological dates. The table shows 
the sampling season/year, number of deployments (No.), encounter rate (%), maximum number of 





Season No. % Max Temperature (°C) Salinity (PSU) 
Mean # 
individuals h-1 
Control MR Control MR Control MR 
Spring 2019 21 10 3 10.59 10.68 32.97 33.10 0.00 0.31 
Summer 2019 38 13 1 16.28 16.07 33.85 33.90 0.11 0.15 
Autumn 2018 14 43 2 12.78 12.85 32.15 32.14 0.50 0.67 
Autumn 2019  15 20 2 14.08 14.14 32.35 32.19 0.33 0.33 















Figure 3.5. The mean relative abundance (mean individuals h-1) of broadnose sevengill sharks 
(Notorynchus cepedianus) within the study area in Paterson Inlet, Stewart Island, New Zealand across 
the different seasons sampled. Error bars represent ±1 SE. 
 
 
3.3.3. Modelling the distribution of sevengill sharks 
3.3.3.1. Model selection 
 
Based on AICc values, there was the most support for models that included water salinity 
(“Sal”; Table 3.3). For instance, the highest-ranked model, i.e. the one with the lowest AICc 
value, contained salinity alone (ωí =18%; Table 3.4). In addition, the salinity variable was 
within four of the top five models. The MR factor was found in the third model (Table 3.4). 
Note that the adjusted R-squared value for all the models tested was low, with a maximum of 
just 5.3% for the model which included salinity, depth, and status (Table 3.4). The effect of the 
MR in the third model was not significant (p-value = 0.37; Tables 3.5). In fact, none of the 

































Table 3.4. The top 10 models for explaining the relative abundance of broadnose sevengill sharks 
(Notorynchus cepedianus) detected during deployments of BRUVs within the study area in Paterson 
Inlet, Stewart Island, New Zealand. Models are ranked on AICc scores. Status = MR protection (yes), 
Depth = depth of deployment (m), Sal = salinity at 5 m depth (PSU), Temp = temperature at 5 m depth 
(°C). The table shows 2x maximized log-likelihood function [2xLog(L)], degrees of freedom (df), 
Akaike information criterion for small sample size (AICC), the difference in AICc score between ith 
model and the best model in set (∆AICc), Akaike weight of the ith model (ωí), pseudo-𝑅2 (Adj. R2). 
 
Rank Explanatory Variables 2x Log (L) df AICc ∆ AICc ωí (%) Adj. R
2 
1 (Best) Sal -169.85 2 173.95 0.00 18 0.040 
2 Temp -171.09 2 175.19 1.24 10 0.024 
3 Sal + Status -169.12 4 175.33 1.38 9.3 0.049 
4 Temp + Sal -169.56 3 175.77 1.82 7.4 0.043 
5 Sal + Depth -169.59 3 175.79 1.84 7.3 0.043 
6 Status -172.28 3 176.41 2.46 5.4 0.0088 
7 Temp + Depth -170.39 3 176.59 2.64 4.9 0.033 
8 Depth -172.49 2 176.63 2.68 4.8 0.0062 
9 Status + Temp -170.45 4 176.65 2.70 4.8 0.032 
10 Status + Depth + Sal -168.768 5 177.12 3.17 3.8 0.053 
 
Table 3.5. Significance of terms retained in the top 5 models (within 2 AICc from the best model) 
explaining the relative abundance of broadnose sevengill sharks (Notorynchus cepedianus) within the 
study area in Paterson Inlet, Stewart Island, New Zealand. Status = MR protection (yes), Depth = depth 
of deployment (m), Sal = salinity at 5 m depth (PSU), Temp = temperature at 5 m depth (°C). The table 











1 (Best) -0.46 (0.054) - - - 
2 - -0.13 (0.15) - - 
3 -0.47 (0.051) - - 0.35 (0.37) 
4 -0.38 (0.16) -0.062 (0.55) - - 
5 -0.45 (0.066) - -0.019 (0.59) - 
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3.3.3.2. Multi-model averaging  
The Akaike weight of the top model (18%) indicates that there was no clear best model in the 
set (Table 3.4). Therefore, a multi-model averaging process was performed on models within 
six AICc values of the best model (all 16 candidate models). Model-averaging showed that the 
effect of MR protection was positive, however, it was weak and not significant (Table 3.6, 
Figure 3.6). Similarly, after model-averaging, none of the other explanatory variables had a 
significant effect (p>0.05; Table 3.6). Salinity was the most important variable tested, with a 
moderately high relative importance (IRI=0.55; Table 3.6). This indicates that salinity is in a 
high number of the top-ranked models. The other variables had moderately low relative 
importance (Table 3.6).  
 
 
Table 3.6. The modelled-averaged results of explanatory variables used to explain the distribution of 
broadnose sevengill sharks (Notorynchus cepedianus) within the study area in Paterson Inlet, Stewart 
Island, New Zealand. Status = marine reserve protection (yes), Depth = depth of deployment (m), Sal 
= salinity at 5 m depth (PSU), Temp = temperature at 5 m depth (°C). The values were determined by 
model averaging of models within six AICc values of the ‘best’ model (all 16 candidate models). The 
table shows the averaged coefficients + standard error, the z-score and corresponding significance, and 
the relative importance index (IRI) of each variable.  
 
Variable Coefficient z-score p-value IRI 
Sal -0.24 (0.28) -0.84 0.40 0.55 
Temp -0.041 (0.072) -0.57 0.57 0.38 
Status 0.12 (0.23) 0.51 0.61 0.33 











































Figure 3.6. Effects plot (model-averaged) of the explanatory variable “Status” (i.e. the marine reserve) 
on the mean relative abundance (mean individuals h-1) of broadnose sevengill sharks (Notorynchus 
cepedianus) in the study area in Paterson Inlet, Stewart Island, New Zealand, across all candidate 
models. 95% confidence intervals are displayed for each level of the variable.  
 
3.4. Discussion 
Little is currently known about sevengill shark distribution in NZ, and even less so of the effect 
of MRs. This study attempted to partially address this knowledge gap, providing the first 
investigation of the effect of the Ulva Island MR on the distribution of sevengill sharks, an 
important top predator in the region. There were three key results identified in this study. First 
and foremost, modelling showed that there was a positive but non-significant effect of the Ulva 
Island MR. This finding suggests that the MR is not having a significant effect on sevengill 
shark distribution in Paterson Inlet. Secondly, salinity was found to have the highest relative 
importance and to be the best-ranked variable for determining the distribution of sevengill 
sharks in the study area. Although this is an interesting result, the main variations in salinity 
values occurred between sampling trips and not between deployments in the MR and controls. 
The result is most likely indicative of the seasonal migration of sevengill sharks in the area. 



















important drivers of sevengill shark distribution that were not recorded in this study. Thirdly, 
in keeping with the findings reported in the previous chapter, BRUVs proved successful as a 
non-invasive technique to study shark distribution in relation to MRs. Each of these findings 
will be discussed in further detail below, including the traits of sevengill sharks, the 
characteristics of the Ulva Island MR, and the study design, all of which may have affected the 
observations. 
 
3.4.1. Negligible effect of the marine reserve on sevengill sharks 
Few studies have investigated the potential effects of MRs on top predatory sharks (Daly et al. 
2018). In my review of the literature, I found only one study that had examined the distribution 
of sevengill sharks surrounding a protected area (Barnett et al. 2011). In the south-east of 
Tasmania, Barnett et al. (2011) observed tagged sevengill sharks within protected areas on only 
24% of days and therefore concluded they were vulnerable to exploitation for a significant 
amount of time. In this current study, there was no evidence of a significant difference in the 
relative abundance of sevengill sharks inside the Ulva Island MR compared to control areas. 
Although the observed relative abundance was slightly higher inside the MR, modelling 
showed that this effect was not significant. Similar to the Tasmanian study (Barnett et al. 2011), 
sevengill sharks do not appear to be preferentially utilising the MR.  
 
There are a number of plausible reasons to explain this result. Firstly, the small size of the 
sampled portion of the MR (approximately 8.6 km2) may not provide adequate protection for 
such a mobile species. Although there appears to be minimal fishing pressure on sevengill 
sharks outside of the MR, they can still be caught legally in the inlet (maximum daily limit of 
one per person). They can also be caught incidentally as bycatch because their distribution 
overlaps with that of targeted species. In this study, some individuals were observed to have 
fishing hooks in their mouths or to have been “foul hooked” (e.g., Figure 3.7). Other individuals 
were also found to have mouth deformities, most likely due to previous fishing trauma. 
Although the MR could be offering some direct refuge from such disturbances, sevengill sharks 
have a home range that extends far beyond the scope of such a small MR. As an example, 
sevengill sharks tracked in the southeast of Tasmania have been found to cover over 37 km 
during 22 hours (Barnett et al. 2010a). As a MR of only 10.8 km2, Ulva Island MR offers 
limited protection from outside disturbances. It seems likely that the direct protection afforded 
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by the MR is limited because of the ranging behaviour of this species and the minimal fishing 
















Figure 3.7. An example of a broadnose sevengill shark (Notorynchus cepedianus) that had been ‘foul 
hooked’. Part of the hook and fishing line, as well as attached macroalgae, can be seen attached to the 
left gill slit. The individual was detected by baited remote underwater video deployments in Paterson 
Inlet, Stewart Island. 
 
Elsewhere, mobile sharks have been demonstrated to have higher abundances in MRs, 
potentially due to an increase in their prey abundance (e.g., Hooker & Gerber 2004, Goetze & 
Fullwood 2013). However, the Ulva Island MR may not have enhanced the density of fish and 
elasmobranch prey species sufficiently to attract sevengill sharks. DOC is the body responsible 
for monitoring the Ulva Island MR, but few survey reports have been published to date. For 
instance, in 2014 there was a baited underwater video (BUV) survey of the MR, but the findings 
have not been released. Since the baseline ecological study (Wing 2006a), other research found 
that the MR had re-established the depth-stratified distribution of abalone (Haliotis iris) and 
sea urchins (Evechinus chloroticus) compared to outside protection (Wing et al. 2015). 
Abalone had declined within fished regions in the inlet where sea urchins had coincidentally 
increased (Wing et al. 2015). These findings, together with the recent findings from Mello et 
al. (2020), offer evidence of the positive impact of the MR designation. It remains uncertain 
whether these lower trophic level effects have flowed onto the prey species of sevengill sharks. 
Another study replicating the initial ecological survey undertaken by Wing (2006a) may help 
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to reveal the potential of the MR in increasing fish densities, as well as provide crucial temporal 
data to evaluate the efficacy of the Ulva Island MR.  
 
It is important to evaluate the sampling design used in this study and the influence it may have 
had on the research findings. In an attempt to isolate any potential effect of the MR, and to 
standardise habitats, the effective area sampled was relatively small. Because of the relatively 
large areas over which sevengill sharks forage (e.g., Barnett et al. 2010a), individuals which 
have home ranges centred on the MR may still be encountered in control deployments, 
potentially lessening the apparent effect of protection. Furthermore, their mobile nature and 
olfactory sensitivity mean that BRUVs deployed in control areas could attract sevengill sharks 
from within the MR. This potential, therefore, emphasises the need to design MR studies to 
cater to the ranging behaviour of the focal species under investigation. Specifically, control 
sites should located at a far enough distance from the MR to account for the larger home ranges 
of mobile species and their potential attraction to the bait plume.   
 
The buffer distance from the MR (>500 m) may also have been too small for the potential 
spillover of sevengill shark prey species. The spillover effect is generally considered no further 
than 300-500 m from the boundary for reef fish (Francini-Filho & Moura 2008, Abesamis & 
Russ 2005, Gell & Roberts 2003). However, if the MR has increased the density of prey 
species, the spillover effect could reach beyond the 500 m buffer. This is because smaller 
elasmobranchs such as spiny dogfish (Squalus acanthias) and rig sharks (Mustelus 
lenticulatus) are common prey within the area and would likely have home ranges greater than 
300-500 m (e.g., Francis 2013). As the majority of sevengill sharks encountered outside of the 
MR were in relatively close proximity to the reserve boundary (< 2 km; Figure 3.3), future 
studies should place control sites at least 1 km from the MR boundary and thus mitigate against 
the spillover effect of more mobile prey species.  
 
Other factors may have influenced these observed results, including the varied spatial 
management within Paterson Inlet. For example, the majority of Paterson Inlet is a Mātaitai 
Reserve (effective since 2006) closed to commercial fishing (since 1994; Wing 2006a). These 
regulations may lessen the positive effects of protection by the MR. In addition, there are 
anecdotal reports of sevengill sharks aggregating around the two aquaculture facilities in Big 
Glory Bay (see Figure 3.1). Given the mobility and opportunistic behaviour of sevengill sharks, 
an attraction to the aquaculture facilities may negate any potential increase in prey densities 
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within the MR. Further sampling within Big Glory Bay would be required to determine whether 
higher abundances of sevengill sharks are present in this area. 
 
3.4.2. Seasonality and other effects on sevengill shark distribution 
The higher mean relative abundance of sharks in the autumn and winter seasons somewhat 
contradicts the findings of previous research in Paterson Inlet. Housiaux et al. (2019) 
encountered sevengill sharks on 71%–79% of trips during spring and autumn while only having 
an encounter rate of 33% in winter. Furthermore, in that study, the highest mean abundance of 
sharks was observed in the spring and summer seasons. Lewis et al. (2020) also observed a 
similar seasonal pattern in the number of individuals encountered per deployment, with the 
maximum in summer (mean = 4.30 individuals h-1) and the minimum in winter 2017 (mean = 
1.34 individuals h-1). Lewis et al. (2020) therefore concluded that sevengill sharks emigrated 
prior to the cooler months of the year (autumn and winter) away from the sampling site located 
in the north-west part of the inlet. Both these studies suggested a seasonality in sevengill shark 
distribution, which has been observed elsewhere (e.g., Ebert 1989, Lucifora et al. 2005, 
Abrantes & Barnett 2011, Williams et al. 2012, Stehfest et al. 2014) as sevengill sharks tend to 
move away from coastal aggregation sites during the winter months. However, the previous 
studies in Paterson Inlet (Housiaux et al. 2019, Lewis et al. 2020) sampled different locations, 
particularly in the western end of Paterson Inlet. The observations of sevengill sharks in this 
current study suggest that sevengill sharks are utilising more coastal habitats during the autumn 
and winter seasons and could then be returning to aggregation sites further up the inlet in the 
summer months. Further research would be needed to verify these findings. For example, a 
photo-identification study could determine whether individuals emigrate from the north-west 
part of the inlet during the winter months to the more coastal parts of the inlet investigated in 
this study.  
 
There are several possible explanations, both biological (e.g., prey distribution, reproductive 
cycles) and environmental (e.g., temperature and salinity fluctuations), that may be driving 
these migrations. One possibility is the occurrence of another top predator in the outer parts of 
Paterson Inlet during the summer months. White sharks are known to aggregate near the Titi 
Islands (just north of the inlet entrance; Francis et al. 2015). Two white sharks were also 
observed near the inlet entrance during the summer (2019) sampling trip, coinciding with the 
least number of sevengill shark detections (per trip; Table 3.6). The distribution of sevengill 
 
 71 
sharks has been shown to be directly influenced by the presence of white sharks elsewhere 
(Hammerschlag et al. 2019). Therefore, sevengill sharks could be displaying predator 
avoidance behaviours during the summer, seeking refuge further up the inlet. Additional 
research would be required to investigate these possible interactions.  
 
Although water salinity was the most influential of the variables tested, it is important to note 
that the main variations in salinity levels in this study were due to the different seasons sampled, 
and not because of variations between the MR and control habitats. In addition, modelling 
showed the salinity effect was consistent regardless of the MR status (Appendix 2; Figure 
A3.2). It thus appears that the observed negative effect of salinity is predominately due to 
temporal and not spatial variations within the study area. Salinity may then be a proxy for the 
seasonal migration of sharks. Interestingly, and contrary to previous studies (e.g., Housiaux et 
al. 2019), water temperature appeared to have a negative effect on the relative abundance of 
sevengill sharks, possibly due to the different area sampled. The depth of the deployment was 
also found to be the least important variable tested, most likely because of the narrow depth 
range sampled (10-30 m), and the shallow range of habitats within Paterson Inlet. However, 
since the models explained limited variation in the data, as evidence by the low r-squared 
values and that none of the variables were significant, there are probably other explanatory 
variables that are influencing the distribution of sevengill sharks in the region. 
 
3.4.3. BRUVs proved successful for marine reserve and shark sampling  
The use of BRUVs to determine the distribution of sevengill sharks in Paterson Inlet proved a 
success. BRUVs were able to record at least one individual sevengill shark in 22% of 
deployments. As previously discussed in Chapter 2, the non-invasive nature of BRUVs worked 
well. They reduced the risk for both the researcher and the target species compared with other 
more invasive methods of sampling (e.g., Ebert 1984, Lucifora et al. 2005, Irigoyen et al. 2018), 
and minimised any impact within the protected habitat. 
 
Another advantage of using BRUVs for this research is that these data are permanent and can 
be re-analysed in the future. Given the paucity of monitoring of the Ulva Island MR, the 
BRUVs provide a valuable dataset. As a result of this study, there is now a dataset for not only 
sevengill sharks in the MR and control areas sampled, but also for a range of targeted species, 
such as blue cod and tarakihi (Nemadactylus macropterus).  
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The compact design of the BRUV system also meant that the research could be conducted from 
a small vessel, keeping costs to a minimum, and enabling longer sampling periods. The bait 
used had a low environmental impact, as it was “off-cuts” of blue cod, generously provided by 
local fishers.  
 
3.4.4. Caveats and study limitations 
I acknowledge that there are certain limitations and potential biases within this research. 
Firstly, there is a current lack of understanding of bait plume characteristics. The effective area 
the bait plume sampled during each deployment probably varied, thus affecting the area over 
which sevengill sharks were sampled. Attempts were made to minimise this limitation by 
standardising the bait type and amount, as well as the soak time of each deployment. However, 
depending on conditions such as the tide state and wind speed/direction, the area the bait plume 
travelled between each deployment may have differed by orders of magnitude (Heagney et al. 
2007, Taylor et al. 2013). To partially address this, I recommend sampling at greater distances 
between BRUVs and from the MR, to mitigate the potential of BRUVs attracting sharks 
between deployments and areas. Another point to acknowledge is the limited spatial coverage 
of this study. The sampling design focused on the MR and nearby control habitats. However, 
this resulted in sampling a small area within the inlet. Conclusions drawn about shark 
distribution therefore only apply to the specific area sampled.  
 
I also acknowledge that the potential diurnal and nocturnal differences in sevengill shark 
foraging behaviour (e.g., Barnett et al. 2010a) could influence the observed results in this 
current study. For logistical reasons, sampling during the night was not possible and so 
inferences made are based on their day-time distribution.  
 
I recommend that future studies that focus solely on the effect of the MR sample extensively 
over one trip (when the study species is known to be most abundant in the area), instead of 
multiple trips. This approach would help to elucidate the finer scale effects of any habitat 









In conclusion, Paterson Inlet provided a practical location to investigate the effect of a MR on 
a top predator. Previous research had demonstrated a high abundance of sevengill sharks near 
an established MR. The study found that there was no significant effect of the MR on the 
relative abundance of sevengill sharks. This finding may be due to the scale of the sampling 
conducted and the negligible effect of the MR on potential prey species. Given how little 
monitoring is in place for NZ MRs, the BRUVs data collected in this study offer an opportunity 
for future research on the Ulva Island MR to help further understand the effects of protection 
in Paterson Inlet. I recommend that future studies focus on MRs with a demonstrated 
enhancement of potential prey, for which sampling can also be conducted in genuine control 





Chapter 4: General Discussion 
 
The impetus for this thesis was to determine the extent to which marine reserves (MRs) in New 
Zealand (NZ) affect the distribution of coastal sharks. I investigated six MRs with varying 
characteristics, in which several coastal shark species occur, including the broadnose sevengill 
shark (Notorynchus cepedianus), school shark (Galeorhinus galeus), spiny dogfish (Squalus 
acanthias), and carpet shark (Cephaloscyllium isabella). The research revealed new insights 
into the positive effects of MRs on small demersal sharks in Fiordland, but there were no effects 
observed for sevengill sharks in either Fiordland or Stewart Island.  
 
In this discussion, I examine the apparent relationship between the ranging behaviour of shark 
species and the extent to which MRs afford them protection, and I compare the findings from 
the two regions to better understand the overall effect of the MRs investigated. I go on to 
discuss the implications of my findings and then provide an assessment of the baited remote 
underwater videos (BRUVs) used for this research. I evaluate the study design and conclude 
with recommendations for future work. Research of the kind undertaken here is essential 
considering the current need to implement effective space-based management for many shark 
species and populations across the world (Davidson & Dulvy 2017).  
 
4.1. Risk assessment and management of sharks in New Zealand 
There is currently a paucity of dedicated research on sharks in NZ. Recently, an assessment of 
the national extinction risk of chondrichthyans (sharks, rays, and chimeras) was undertaken 
using the International Union for Conservation of Nature’s (IUCN) Red List of Threatened 
Species Categories and Criteria (Finucci et al. 2019). This assessment classified most shark 
species in the ‘Least Concern’ category (56%), followed by ‘Data Deficient’ (32%), ‘Near 
Threatened’ (6%), ‘Vulnerable’ (3%), ‘Endangered’ (1.5%), and ‘Critically Endangered’ 
(1.5%). Although the results for NZ are not as concerning as other regional assessments (e.g., 
Europe; Nieto et al. 2015), the study noted that there is a lack of species-specific data and 
species-specific management of most species (Finucci et al. 2019). Additionally, the proportion 
of data-deficient species (32%) is of concern, as there is insufficient information to assess their 
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conservation status. This fact emphasises the pressing need to increase research and monitoring 
of sharks in NZ.  
 
Commercial fisheries have been identified as the greatest threat to shark populations in NZ 
(Ford et al. 2018), as is the case globally (Dulvy et al. 2017). However, the vast majority of 
shark species in NZ have no fisheries management regulations (MPI 2013). Currently, eight 
species are regulated by the Quota Management System (QMS), with five species completely 
protected, and two species prohibited as targets (MPI 2013). However, species that are 
completely protected such as white sharks (Carcharodon carcharias) and basking sharks 
(Cetorhinus maximus) are still incidentally caught in commercial fisheries (Francis & Lyon 
2012, Francis 2017a, 2017b). Finucci et al. (2019) recommended the identification and 
protection of key habitats in NZ, to “conserve the diversity of sharks and their relatives”. 
Although there is no panacea for shark conservation (Dulvy et al. 2017), given the main threat 
of commercial fishing, MRs could be a useful solution. MRs have been demonstrated 
elsewhere to be effective for both highly resident (e.g., Bond et al. 2012) and mobile (e.g., 
Hearn et al. 2010) shark species. Given the lack of species-specific management in NZ, MRs 
could provide added conservation benefits for coastal sharks. This current study provides 
insights into these effects. With ambitious global targets for marine protection (e.g., 50% of 
ocean area protected by 2044; Duarte et al. 2020), the use of MRs is likely to increase in NZ. 
This study helped to understand the extent to which MRs affect the distribution and relative 
abundance of coastal sharks in NZ. The findings from this study suggest that if the intent of 
MRs is to conserve mobile species, consideration needs to be given to their ranging behaviours 
as well as critical habitats.  
 
4.2. Summary of findings 
 
In Chapter 2, I investigated the distribution of coastal shark species in the southern part of 
Fiordland. In this region, sevengill sharks, as well as five mesopredatory shark species were 
detected in deployments of BRUVs. Generalized linear models (GLMs) were used to 
investigate the effect of MRs on 1) the presence of sevengill sharks, and 2) the relative 
abundance of mesopredatory sharks (spiny dogfish, school sharks, and carpet sharks). A 
significant effect of the MRs on the relative abundance of mesopredators was found (Figure 






Figure 4.1. Schematic representing the effects of marine reserves on coastal sharks in Fiordland, New 
Zealand. Shark species are the broadnose sevengill shark (Notorynchus cepedianus), and the 
mesopredatory species: spiny dogfish (Squalus acanthias), school shark (Galeorhinus galeus), and the 




In contrast, there was no detected effect of MRs on the presence of sevengill sharks (Figure 
4.1).  
 
In Chapter 3, I examined the distribution of sevengill sharks inside and outside the Ulva Island 
MR in Paterson Inlet, Stewart Island. In contrast to the previous chapter, a species distribution 
modelling (SDM) approach was used to account for potential variations in habitat between the 
MR and control areas. No effect of the MR was detected on the relative abundance of sevengill 
sharks. This may be due to the ranging behaviour of sevengill sharks relative to the small size 
of the MR (10.8 km2), and/or a lack of a sufficient increase in prey densities. 
 
I had intended to include a third study investigating the efficacy of environmental DNA 
(eDNA) for monitoring sharks in MRs in comparison to the more established method of using 
BRUVs. Unfortunately, COVID-19 related restrictions meant that the DNA results were not 
obtained in time for publication of this thesis. Therefore, I have included a synopsis of the 
intended chapter as an appendix (see Appendix 1). Given this study will be the first direct field 
comparison of the two methods in MRs in NZ, it should yield important insights into the 
potential of eDNA for future monitoring, as well as its performance against a more established 
technique used for shark research.   
 
4.3. Comparison of studies: distribution of sevengill sharks 
A research design that sampled distinct regions (Stewart Island and Fiordland) enabled a more 
comprehensive examination of the effect of MRs on a top predator in NZ. In comparison to the 
Fiordland MRs (192 deployments across five MRs), the Ulva Island MR was sampled more 
intensively (125 deployments). This allowed a more thorough analysis of the Ulva Island MR 
and the opportunity to use a species distribution model (SDM) to evaluate the finer scale effects 
of protection. This analysis found that there was not a significant effect of the MR on sevengill 
shark distribution and that other factors are probably driving their distribution in the study area. 
The findings from the five MRs in Fiordland supported the results of the Ulva Island study, 
with no significant effect of the MRs being observed on the distribution of sevengill sharks in 
either region.  
 
Since the Ulva Island MR is of a similar small size to the MRs sampled in Fiordland (all MRs 
< 40 km2), the findings suggest the MRs sampled may be too small to directly affect the 
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movements of sevengill sharks. To my knowledge, in both regions, sevengill sharks are not 
directly targeted by fisheries. Therefore, any conservation benefits from protection would most 
likely arise indirectly from the increase in densities of their lower trophic level prey species 
(e.g., Goetze & Fullwood 2013). Thus far it is not certain whether the Ulva Island MR or the 
Fiordland MRs have resulted in increased abundances of fish. For example, my review of the 
published literature of the Ulva Island MR found insufficient evidence as to whether the MR 
has increased the abundances of fish species. In addition, the most recent surveys in Fiordland 
found little evidence of strong differences inside MRs, compared to control areas outside 
(NIWA 2017). Therefore, the distribution of sevengill sharks may be influenced by other 
environmental factors. Further research would be required to investigate these effects.  
 
Due to the vast ranges covered by large predatory sharks, the conservation value of MRs relies 
on the amount of time individual sharks spend within protection, as well as the life-history 
stages that are present therein (Escalle et al. 2015, Graham et al. 2016). Dwyer et al. (2020) 
reviewed empirical tracking data from 459 individual sharks and data from BRUV surveys 
undertaken in 36 countries. They concluded that MRs would need to be up to five times larger 
than they currently are to result in meaningful protection of the investigated reef shark species. 
A study off the east coast of Australia examining movements of bull sharks (Carcharhinus 
leucas) found that while MRs offered some protection for tagged individuals, the scale of the 
individual movements relative to the size of MRs resulted in limited conservation benefits 
(Heupel et al. 2015). Furthermore, an analysis that summarised telemetry studies to determine 
the suitability of MRs for shark species, found that for reef sharks 65% of MRs could provide 
benefits while 35% were too small to offer meaningful protection (Escalle et al. 2015).  
 
We do not currently know the sizes of MPAs required for effective protection of sevengill 
sharks. While sevengill sharks are not heavily fished outside of the MRs in the regions assessed, 
they are incidentally caught on >300 days per year in commercial fisheries in NZ (Ford et al. 
2018). Globally, they are classified as ‘Data Deficient’ by the International Union for 
Conservation of Nature (IUCN) Red List of Threatened Species (IUCN 2020), and their 
populations have previously collapsed in other regions due to intense fishing pressure (e.g., 
Fowler et al. 2005, Barnett 2012). As sevengill sharks are larger and more mobile compared to 
small demersal sharks, they would likely forage over greater distances in the regions 
investigated (Barnett et al. 2010a, Ketchum et al. 2017). These results suggest that MRs would 
need to be larger than those sampled here, or need to cover critical habitat such as nursery, 
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reproductive, and feeding areas (Speed et al. 2010, Hooker et al. 2011) in order to provide 
conservation benefits. These findings, along with the previous sevengill shark research in 
Tasmania (Barnett et al. 2011), provide insights into the challenges associated with designating 
protected areas that are large enough to be effective for a highly mobile top predator.  
 
4.4. Implications of this study’s findings   
The significant effect of MRs on the relative abundances of mesopredatory sharks (Chapter 2) 
is a promising sign of their efficacy in Fiordland. Without baseline data on the abundance and 
distribution of mesopredators, I cannot conclusively state that the MRs have caused this 
observed difference. However, since each MR differs in habitat and environmental influences, 
and all five MRs were found to have a positive effect, it seems likely that the MRs are providing 
direct conservation benefits for mesopredators. The smallest MR sampled (size = 4.3 km2; Gaer 
Arm MR) in this study was found to have the highest densities of all sharks, with potential for 
being a nursery area. This result suggests that if small MRs cover important and productive 
habitat for coastal sharks in NZ, they can increase the degree to which individuals are afforded 
protection. Considering MRs in NZ are generally not designed with the intent to protect a single 
species (Rovellini & Shaffer 2020), these current findings are encouraging for their potential 
use in protecting populations of small demersal sharks. MRs elsewhere in NZ could be offering 
incidental yet significant conservation benefits for coastal sharks, particularly for species with 
small home ranges that are targeted in recreational and/or commercial fisheries.  
 
Despite the potential importance of spatial-based management for shark conservation, MRs are 
rarely established with specific consideration given to highly mobile species (Davidson & 
Dulvy 2017, MacKeracher et al. 2019). This observation holds true in NZ, as the majority of 
MRs are small (Rovellini & Shaffer 2020). Thirty-eight of the 44 MRs are less than 100 km2 
and in total they only cover 0.4% of NZ’s exclusive economic zone (EEZ; Rovellini & Shaffer 
2020). Therefore, the protection afforded for highly mobile species is likely limited to a select 
few MRs. Although beyond the scope of this study, further sampling in other MRs could help 
to better understand their overall effect on shark distribution. Large MRs not sampled in this 
study, such as the Kermadec Island MR (7500 km2) and the Subantarctic Island MRs (e.g., 
Auckland Island MR; 5000 km2), may be of an adequate size to directly protect top predators 
such as large sharks.  
 
 80 
Spiny dogfish, school and carpet sharks (the mesopredatory species) are considered to be in 
the ‘Least Concern’ category in NZ (Finucci et al. 2019). However, globally, spiny dogfish are 
considered to be ‘Vulnerable’ and school sharks are considered to be ‘Critically Endangered’ 
(IUCN 2020; note that carpet sharks are endemic to NZ). According to the IUCN, the main 
threats for both species are overexploitation by target fisheries and bycatch (Fordham et al. 
2016, Walker et al. 2020). There are also potential impacts of coastal development, pollution, 
dredging, and bottom trawling affecting their coastal and benthic habitats (Fordham et al. 2016, 
Walker et al. 2020). The global population of school sharks has undergone a > 80% reduction 
over the last three generations, with a decrease of 30-49% in NZ (Walker et al. 2020). The 
findings in this thesis imply that even small MRs (< 40 km2) may benefit their populations. 
Spatial management may then be a viable option for heavily impacted populations, as MRs 
may alleviate local effects of fishing pressure as well as protecting critical habitats.  
 
Most shark species (74%) in NZ are categorised as deepwater species (primary distribution at 
depths >200 m; Finucci et al. 2019). The majority of trawl fishing effort (85%) in NZ also 
occurs in deeper habitats (>800 m depth; Black & Tilney 2015). High spatial overlap between 
trawling and the distribution of deepwater sharks places these species at risk from the impacts 
of fishing (Black & Tilney 2015, Ford et al. 2018). However, there is very little monitoring of 
deepwater shark populations and no species-specific management plans. Currently, MRs can 
only be designated in the territorial sea in NZ (< 12 nm from the coast; Rovellini & Shaffer 
2020). If this area could be expanded to include critical offshore and deepwater habitats, MRs 
could provide a critical refuge for the high diversity of sharks and their relatives.   
 
4.5. The capability of BRUVs for non-invasive research of shark distribution 
The BRUV system used in Chapters 2 and 3 detected six coastal shark species and provided 
the data necessary to evaluate the efficacy of the MRs sampled. The BRUV system proved to 
be portable, robust, reliable, and economical. The recorded footage is permanently stored, so 
there is now a dataset for six MRs which offers opportunities for future research into their 
effects. In addition, the footage could be reviewed to record the identities of individual 
sevengill sharks (e.g. Lewis et al. 2020). Sevengill shark IDs could be collated into a photo-ID 
catalogue, which could expand on our understanding of sevengill shark movements among the 




Considering I had to access remote regions, particularly in Fiordland, the portability of the 
BRUV system proved vital to the success of the fieldwork. Furthermore, the BRUV 
deployments took place alongside many other projects such as cetacean surveys, underwater 
visual census (UVC), removal of invasive species, and eDNA sampling. Therefore, research 
costs were shared among multiple projects. Given these advantages, I recommend expanding 
research using BRUVs to investigate shark and fish distribution more widely in NZ, and to 
develop the systems to increase sampling capabilities (e.g. at greater depths). In addition, the 
BRUVs have provided a baseline data set in Fiordland, which can be built on in future to further 
understand the effects of protection on the relative abundance of coastal sharks. 
 
4.6. Considerations of the study design 
There were several common challenges faced during this research. Firstly, the lack of 
understanding of bait plume characteristics meant that the effective area sampled by each 
BRUV deployment was unknown. To address this limitation, at least partially, and the potential 
spillover effect from the sampled MRs, I recommend adjusting the study design to sample 
control points at least one km from the reserve boundary, as well as increasing the spatial 
coverage of the study to account for the ranging behaviour of mobile sharks. Secondly, 
throughout this study, attempts were made to address spatial biases in sampling. For example, 
sampling points were allocated randomly, and the methods used inside and outside of the MRs 
were standardised. However, due to the geography of Fiordland, some control areas were 
located in different fiords to the corresponding MR (e.g., Wet Jacket MR). Thus, there could 
be inherent differences between the MR and control sites due to differences in habitat. A study 
of temporal changes in shark distribution in each location would help to corroborate the spatial 
variations in distribution revealed here. Thirdly, the six MRs sampled varied in characteristics 
such as size, shape, previous fishing pressure, environmental influences, habitat, and adjacent 
fisheries regulations. These characteristics may influence their ability to restore and enhance 
biodiversity. For example, the influence of the Camelot River in Gaer Arm may provide a more 
productive environment, and the larger size of the Long Sound MR may increase its ability to 
protect mobile species. In contrast, the Elizabeth Island MR has a large freshwater input from 
the Manapouri Hydroelectric Power Station, which may negate the possible benefits of the MR, 
and Paterson Inlet is a Mātaitai Reserve, which may lessen the effects of the Ulva Island MR. 
The degree to which these factors specifically influence the results is hard to quantify, so 
further research would be required to investigate these effects.   
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4.7. Future research 
This current research could be expanded on by sampling more MRs as well as a greater range 
of depths. This would be particularly useful in Fiordland, to investigate shark and fish 
assemblages surrounding other MRs and in deeper habitats. Tagging individual sharks (via 
acoustic tags) could provide valuable information about their movements, and the degree to 
which they are afforded protection by MRs (e.g., Da Silva et al. 2013).  
 
To account for the possibility of differences in habitats and environmental influences in MR 
and control areas in Fiordland, I recommend recording environmental data to include in a more 
comprehensive SDM. I suggest recording variables that have previously been shown to 
influence the distribution of sharks, e.g. water temperature, salinity, and ambient light levels 
(all at the depth of the BRUVs deployment), benthic habitat type, deployment depth, and the 
distance to the oceanic input. These variables could be added into a SDM along with the MR 
status to quantify the effect of protection relative to preferences for different habitats (e.g. 
Tickler et al. 2017). Variations in the effect of protection for different life-history stages could 
be investigated by identifying the size and sex of each individual shark detected using stereo-




















This thesis presents the first attempt to investigate the effect of MRs on coastal sharks in NZ, 
and is the first systematic study of the distribution of coastal sharks in Fiordland. The findings 
have expanded our knowledge of the conservation value MRs may offer coastal shark species 
in NZ. Since the effect of the MRs varied depending on the trophic level of the shark species 
detected, these findings suggest that for MRs to be effective for shark conservation, they need 
to be appropriately sized for the ranging behaviour of the species intended to be protected. The 
use of BRUVs proved a successful, non-invasive methodology to sample the relative 
abundance of coastal shark species within six MRs and their control areas. In addition, the 
BRUVs provide a valuable dataset of other species which can be used to evaluate the effects 
of protection. The eDNA metabarcoding results, though not yet completed, should yield 
important insights into the capabilities of eDNA, and its potential application for detecting 
shark diversity in temperate ecosystems. In the wider context, the work presented in this thesis 
highlights the incidental benefits that established MRs can provide for some mobile species. 
Such research is crucial with the need to better perceive the value MRs can offer top predators, 






Appendix 1: The capability of eDNA to complement BRUVs for 
monitoring of sharks in marine reserves in Fiordland 
 
Due to COVID-19 circumstances, the eDNA results have been significantly delayed. Here, I 
present a synopsis of the intended chapter, detailing the background information, sampling 
design, fieldwork conducted, the BRUVs analysis, and a comment on the eDNA methodology. 
This study is part of a collaborative project investigating the comparison between eDNA and 
BRUVs for detecting fish (and shark) diversity in MRs in Fiordland, NZ, on behalf of the 
Department of Conservation. When the eDNA results are completed, this project will be 
presented as a manuscript on which I will be a lead co-author.  
 
A1.1. Background 
Shark species and populations are facing unprecedented pressures in the marine environment 
(Worm et al. 2009, Dulvy et al. 2014, 2016, Spaet et al. 2016). Appropriate conservation 
measures are therefore needed to ensure vulnerable species and their critical habitats are 
protected. Otherwise, we risk the socioeconomic and ecological repercussions that come with 
their declines (Heithaus et al. 2008, Polovina et al. 2009, Simpfendorfer et al. 2011). The 
efficacy of shark conservation, however, partly depends on the ability of scientists to research 
and monitor their populations in the wild (Simpfendorfer et al. 2011). Accurate information 
about the abundance and distribution of vulnerable species underpins the ability to be able to 
implement effective conservation management (Simpfendorfer et al. 2011).  
 
As many shark species are top predators, they are naturally rare and often highly mobile, 
eluding traditional survey methods. Conventional survey techniques such as baited remote 
underwater videos (BRUVs) and underwater visual census (UVC) rely on visual detection and 
have been proven to successfully investigate sharks without a need for capture (e.g., Robbins 
2006, Goetze & Fullwood 2013, Acuña-Marrero et al. 2018, Speed et al. 2018). However, these 
methods have associated biases (Lodge et al. 2012, Simpfendorfer et al. 2016), are labour 
intensive, and can be costly and time-consuming. Furthermore, due to the elusive nature of 
sharks, visual methods are susceptible to the failure to detect species that are present in a 
sampled area (Boussarie et al. 2018). The monitoring and assessment of sharks in marine 
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systems therefore remain challenging and would benefit from novel and complementary 
methods of investigation.  
 
A1.2. Environmental DNA 
One emerging technology is environmental DNA (eDNA). eDNA is based on the retrieval of 
genetic traces (e.g., shed skin cells, metabolic waste, bodily fluids, gametes, blood) naturally 
released by organisms in the environment (Ficetola et al. 2008). In marine systems, genetic 
traces are extracted from seawater samples and analysed to determine the presence or very 
recent presence (as eDNA degrades relatively quickly in the water column; Thomsen & 
Willerslev 2015) of a specific taxon (O’Donnell et al. 2017). In addition, eDNA metabarcoding 
enables the taxonomic identification of multiple species (Deiner et al. 2017, Stat et al. 2017). 
This technology is potentially ground-breaking, as inferences about community composition 
can be determined from just a seawater sample.  
 
A1.3. Comparison with conventional survey methods 
It is important to recognise that BRUVs and UVC are established survey methods providing 
important data on the relative abundance and size of taxa that eDNA to date cannot generate 
(Stat et al. 2019). However, due to the relative ease with which eDNA samples can be collected, 
surveys of marine reserves (MR) and marine protected areas (MPA) could include eDNA 
technology alongside conventional survey methods. The addition of eDNA could, for instance, 
lessen the likelihood of false negatives, revealing a more complete and representative picture 
of biodiversity. In addition, eDNA sampling can be obtained easily and processed 
economically (Boussarie et al. 2018). Therefore, eDNA analysis could not only expand the 
current scope of biodiversity identified in MR surveys but also allow for more frequent 
monitoring. Furthermore, as eDNA surveys require only that water is sampled, it is a non-
destructive method, which is important for research in MRs. Although the combined use of 
these methods is promising, there is a need to better understand how visual surveys and eDNA 
metabarcoding approaches compare in direct field applications.  
 
A1.4. Context of study 
In New Zealand (NZ), there is currently little systematic monitoring in place for MRs (Willis 
2013, Bergseth et al. 2015). The addition of eDNA could offer an opportunity to sample more 
frequently and/or to increase the scope of analyses when combined with other techniques. This 
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potential provides motivation to investigate the capabilities of eDNA metabarcoding compared 
with an established survey technique (BRUVs) in NZ, with a focus on elusive species.  
 
Fiordland, in the south-west of the South Island of NZ, provides an excellent location to 
compare the two methods for monitoring sharks within MRs. BRUVs have already been proven 
to be effective for research in Fiordland and for detecting sharks. Fiordland also hosts a range 
of habitats and MRs of different characteristics, so that the versatility of eDNA metabarcoding 
can be tested. This study, therefore, intends to conduct a direct comparison of eDNA with 
BRUVs at the same locations sampled concurrently, in MRs and control sites in Fiordland. 
This collaborative project will be the first comparison of eDNA with BRUVs for monitoring 
sharks within MRs in NZ. This project should yield important insights into the potential of 
eDNA for future monitoring in NZ, as well as its performance against a more established 
technique used for shark research.   
 
A1.5. Study aims 
The aims are as follows: 
1. Examine the performance of eDNA techniques for deriving diversity estimates of shark 
species compared to analogous data obtained by visual surveys (BRUVs) in Fiordland, 
NZ.  
2. Compare the combined species richness detected by BRUVs and eDNA to investigate 
the effects of three MRs on shark diversity and distribution in Fiordland, NZ. 
3. Investigate the efficacy of eDNA in sampling for sharks in a range of habitats in 
Fiordland, NZ. 
 
A1.6. Study location 
Within the study area in the southern parts of Fiordland, three MRs were sampled: the Moana 
Uta (Wet Jacket) MR, the Taumoana (Five Fingers) MR, and the Te Tapuwae o Hua (Long 
Sound) MR (See Figure A1.1). The sizes of these MRs are 20.1 km2, 14.5 km2, and 36.7 km2 
respectively. All MRs were established in 2005 under the Fiordland (Te Moana o Atawhenua) 


































































































Figure A1.1. Sampling sites for eDNA and BRUVs comparisons. a) The three study areas – Breaksea 
Sound, Dusky Sound, and Long Sound in Fiordland, New Zealand. b) The sampled marine reserve 
(MR) – Moana Uta (Wet Jacket) MR and its control area in Breaksea Sound c) The sampled MR – 
Taumoana (Five Fingers) MR and its control areas in Dusky Sound. d) The sampled MR – Te Tapuwae 




A1.7. Sample design  
To compare the performance of BRUVs and eDNA for detecting shark diversity in Fiordland, 
random sampling was carried out within the three MRs and corresponding control areas (six 
areas in total; Figures A1.1b,c,d). Control areas outside of the MRs were selected to represent 
similar habitat to those sampled within the MRs in terms of depth, distance to the fjord 
entrance, size, and exposure to sunlight. Before the trip, a set of random coordinates for 
potential sampling points within each MR/control-area was generated using ArcGISv10.3 
(ESRI 2018). All potential sampling points were between 10 m and 30 m in depth. Five sites 
were randomly selected within each MR and five outside in control areas (n = 30 in total). 
Sampling points were spaced >500 m apart to minimise the likelihood of overlapping bait 
plumes (e.g., Whitmarsh et al. 2017, Acuña-Marrero et al. 2018, Irigoyen et al. 2018, Speed et 
al. 2018). Additionally, control areas were at least 500 m from the MR boundary to minimise 
the potential spill over of fish from MRs (e.g., Gell & Roberts 2003, Abesamis & Russ 2005, 
Francini-Filho & Moura 2008).  
 
A1.8. Field methods 
All sampling took place between the 11th and 23rd of December 2019. At each site, eDNA 
samples were taken before the immediate deployment of the BRUV system. Seawater samples 
for eDNA analysis were collected via Niskin Bottles at similar depths as the BRUV system 
and transferred into sterile collection bottles. Three samples were collected at each site (one 
control, two eDNA samples). Immediately after collection, sea water samples were transferred 
to the support vessel and passed through separate 0.22 μm Sterivex columns (Merck, US-NJ)  
within 24 hours of collection. Sterivex columns were then filled with 5 ml Longmire’s solution 
and stored at 4°C on the boat, and - 20°C in the laboratory until the DNA extraction. It is 
important to note that throughout the entire process, strict contamination control was adhered 
to, including the use of disposable gloves and appropriate PPE, single-use collection bottles, 
and the bleaching of sampling devices and laboratory equipment and surfaces. During seawater 
collection, the BRUV system was prepared (for further details, please refer to Chapter 2.3). 
Approximately 500 grams of pilchard (Sardinella sirm) (as recommended by Whitmarsh et al. 
2017) bait was used to attract sharks in each deployment. The BRUV system was deployed 





A1.9. Habitat variables 
Habitat variables were recorded in situ. Depth was recorded at each deployment (via the 
vessels’ echo sounder). No surface readings were useful because of the pronounced freshwater 
layer at the surface in the fiords, so HOBO Pendant® Temperature/Light 64K Data Loggers 
were attached to the frame of the BRUV to record water temperature and relative light levels 
at depth of deployment at 1-minute intervals throughout the hour-long deployment. In addition, 
an RBRconcerto³ was deployed before each deployment to record the conductivity (salinity), 
temperature, dissolved oxygen, and fluorescence, recorded at the depth of the BRUVs 
deployment. Benthic habitats were classified from a still reference image taken from the 
beginning of each BRUVs deployment video (e.g., Speed et al. 2018). Habitat was classified 
to Level 2 (main habitats) for abiotic habitat types, adapted from the NZ Marine Habitat 
Classification, a method used in another BUVs study (Brough et al. 2018b) of MRs in NZ at 
Banks Peninsula.  
 
A1.10. Video analysis 
BRUVs footage was watched in VLC media playerTM. All videos were reviewed by the same 
analyst (author). For each shark observed, species identification was confirmed by a second 
experienced analyst. If there was any doubt about species identification, then a third analyst 
was consulted. Since the comparison was focusing on the diversity of shark species, only the 
presence was recorded and not the relative abundance of each species. Please refer to Chapter 
2 for more video analysis details.  
 
A1.11. DNA extractions and further methods 
For eDNA extractions, DNA was isolated from filters in a dedicated PCR-free clean room 
(personnel wearing full-body suits, gloves, face-shields, and breathing masks) using a Blood 
and Tissue DNA extraction kit (Qiagen, Hilden, DE-NW). Positive and negative control 
reactions were filtered and extracted alongside the samples. We used the protocol outlined by 
Spens et al. (2017). For specific methods on the extractions, please refer to Spens et al. (2017). 
 
The rest of the laboratory work (e.g., library preparation, application and sequencing, sequence 
data processing, and eDNA analysis) is being completed by Paul Czechowski and his 
colleagues at the University of Otago. After the results are finished, a statistical analysis of the 
BRUVs and eDNA data will be completed with the assistance of Michel De Lange.   
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Figure A2.1. DHARMa residual diagnostics plots for assessing the selected generalized linear model 
(without the interaction) used in the analysis of the effect of MRs on the distribution of broadnose 
sevengill sharks (Notorynchus cepedianus) in Fiordland, New Zealand. 
 
A2 
Appendix 2: Supporting figures and tables for chapter 2 
 
A2.1. Sevengill shark model diagnostics 
Table A2.1. The variance inflation test (VIF) to assess the correlation between the explanatory variables 
used within the generalized linear model. Status = marine reserve (“Yes” or “No”), Area = location of 







Table A2.2. Analysis of deviance results for the generalized linear model, including the interaction, 
used to assess the effect of protection on the presence of broadnose sevengill sharks (Notorynchus 
cepedianus) in Fiordland, New Zealand. “Status” = marine reserve (“Yes” or “No”), “Area” = location 
of the deployment (i.e. “Gaer Arm”, “Long Sound” …). The table shows the degrees of freedom (df), 





















Variable GVIF df 
Status 1.01 1 
Area 1.01 4 
Variable df LR Chisq Pr(>Chisq) 
Status 1 1.48 0.22 
Area 4 2.04 0.73 
Status: Area 4 9.03 0.0605 
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A2.2. Mesopredator model diagnostics 
Table A2.3. The variance inflation test (VIF) to assess the correlation between the explanatory variables 
used within the generalized linear model. Status = marine reserve (“Yes” or “No”), Area = location of 








Table A2.4. Analysis of deviance results for the generalized linear model used to assess the effect of 
protection on the relative abundance of mesopredatory sharks in Fiordland, New Zealand. Status = 
marine reserve (“Yes” or “No”), Area = location of the deployment (i.e. “Gaer Arm”, “Long Sound” 
…). The table shows the degrees of freedom (df), the likelihood ratio/chi-squared test (LR CHISQ), and 
the corresponding significance (PR(>CHISQ)). Mesopredatory shark species included are the spiny 
dogfish (Squalus acanthias), school sharks (Galeorhinus galeus), and carpet sharks (Cephaloscyllium 




























Figure A2.2. DHARMa residual diagnostics plots for assessing the chosen generalized linear model 
(without the interaction) used in the analysis of the effect of MRs on the relative abundance of 
mesopredatory sharks in Fiordland, New Zealand.   
Variable GVIF df 
Status 1.01 1 
Area 1.01 4 
Variable df LR Chisq Pr(>Chisq) 
Status 1 9.91 0.0016** 
Area 4 21.42 0.00026*** 
Status: Area 4 2.33 0.67 
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Figure A2.3. Distribution, including the relative abundance (MaxN/hr), of spiny dogfish (Squalus 
acanthias) detected during deployments of BRUVs within (a) Doubtful/Bradshaw Sound (b) 
Dusky/Breaksea Sound (c) Long Sound/Preservation Inlet in Fiordland, New Zealand. Black dots 

































































Figure A2.4. Distribution, including the relative abundance (MaxN/hr), of school sharks (Galeorhinus 
galeus), carpet sharks (Cephaloscyllium isabellum), and chondrichthyan species that were rarely 
detected during deployments of BRUVs within (a) Doubtful/Bradshaw Sound (b) Dusky/Breaksea 
Sound and (c) Long Sound/Preservation Inlet, Fiordland, New Zealand. Black dots indicate BRUVs 
deployed without encounters. Blue shading represents the marine reserves. Individual detections are 
included for the rig shark (Mustelus lenticulatus), northern spiny dogfish (Squalus griffini), elephant 











A2.4. Relative abundance of component mesopredatory species 
 
 
Figure A2.5. Relative abundance (mean MaxN h-1) of spiny dogfish (Squalus acanthias) within MR 
and control areas in Fiordland, New Zealand. Error bars represent ±1 SE. 
 
Figure A2.6. Relative abundance (mean MaxN h-1) of school sharks (Galeorhinus galeus) within MR 
and control areas in Fiordland, New Zealand. Error bars represent ±1 SE. 
 
Figure A2.7. Relative abundance (mean MaxN h-1) of carpet sharks (Cephaloscyllium isabellum) within 



















































Appendix 3: Supporting figures and tables for chapter 3 
 
A3.1. Diagnostics of the explanatory variables and model 
Table A3.1. The variance inflation test (VIF) to assess the correlation between the explanatory variables 
within the generalized linear model containing all variables. The explanatory variables were included 
in a multi-modelling approach to assess their effects on the distribution of broadnose sevengill sharks 
(Notorynchus cepedianus) in Paterson Inlet, Stewart Island, New Zealand. Status = MR protection (yes 
or no), Depth = depth of deployment (m), Sal = salinity at 5 m depth (PSU), Temp = temperature at 5 












Figure A3.1. DHARMa residual diagnostics plots for assessing the best generalized linear model 
generated when assessing the effects of the Te Wharawhara (Ulva Island) Marine Reserve, among  
variations in habitat, on the distribution of broadnose sevengill sharks (Notorynchus cepedianus) in 
Paterson Inlet, Stewart Island, New Zealand. 
 
Explanatory Variable VIF df 
Status 1.00 1 
Temp 1.21 1 
Depth 1.04 1 
Sal 1.23 1 
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Figure A3.2. Effect of the explanatory variable “Salinity” on the mean relative abundance of broadnose 
sevengill sharks (Notorynchus cepedianus) per BRUVs deployment in Paterson Inlet, Stewart Island, 
New Zealand, across all candidate models and generated for each level of “Status” (either “Y” for MR 








Appendix 4: Investigating the distribution and relative abundance 
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Investigating the distribution and relative 
abundance of hāpuku (Polyprion oxygeneios) in 
Fiordland, New Zealand 
 
Michael Heldsinger1, William Rayment1 




The distribution, relative abundance, and individual sizes of hāpuku (Polyprion oxygeneios) 
were investigated in Fiordland through deployment of baited remote underwater video (BRUV) 
within five marine reserves and control areas. A total of 192 BRUV deployments were 
systematically carried out at depths of 10-30m in Doubtful, Bradshaw, Dusky, and Breaksea 
Sound and Chalky and Preservation Inlet from June 2018 to December 2019. At least one 
hāpuku was detected in 9% of the total deployments. Highest encounter rates occurred in 
Dusky Sound and in the Moana Uta (Wet Jacket) Marine Reeserve. Most individuals in the 
study (45%) were estimated to be between 45-65cm, suggesting that juvenile hāpuku utilise 
habitats in Fiordland. The Moana Uta Marine Reserve appears to be a particularly important 
area for hāpuku. The majority of the deployments (59%) here detected at least one individual, 
with a highest MaxN of 5 individuals per deployment. In this protected area, the majority of 
individuals (50%) were estimated to be between 45-65cm. These results therefore provide 
evidence that the Moana Uta Marine Reserve may provide important habitat for juvenile 
hāpuku. This study showed that hāpuku are now commonly found in shallow depths in 
Fiordland, potentially revealing the natural behaviour of the species prior to extensive fishing 
pressure. Further work is required to investigate whether Fiordland marine reserves are 
providing effective protection for hāpuku and whether higher densities of hāpuku are present 




Hāpuku, also known as ‘groper’ (Polyprion oxygeneios, Schneider 1801), are a member of the 
wreckfish family (Polyprionidae). These large, predatory fish are distributed throughout the 
southern hemisphere between 28°S and 43°S (Barreiros et al. 2004). They are a highly-valued 
catch, targeted by commercial and recreational fishermen throughout their range (Paul 2000). 
Their life-history is interesting in that initially they have a pelagic juvenile phase, then switch 
to become demersal at approximately 3-4 years of age (Francis et al. 1999). They become 
sexually mature at about 10-13 years of age, at a total length of 80-85cm (Morrison et al. 2014). 
Hāpuku are long-lived; over an estimated 56-60-year lifespan they can reach 100kg in weight 
(Francis et al. 1999; Wakefield et al. 2010). Data from commercial trawling in NZ suggests 
that they are mostly found at depths of 100-300m (Morrison et al. 2014). In the NZ Quota 
Management System (QMS), hāpuku are collectively grouped with bass (Polyprion 
americanus) and managed as a single unit. They are classified as an ‘opportunistic generalised 
carnivore’ and have a varied diet, consisting of mesopelagic fish and invertebrates such as blue 
cod, red cod, hoki, tarakihi, and squid (Roberts 1996, Tromp et al. 2016). Although highly 
sought-after in NZ, there are key knowledge gaps in our understanding of their distribution and 
migratory patterns. 
Previous tagging studies (e.g., Johnston 1983; Beentjes & Francis 1999) in NZ have provided 
insights into their movements around Poor Knights Islands, Cook Strait, and the south-east 
South Island. They demonstrated that hāpuku movement patterns varied significantly 
depending on the location. For instance, adult hāpuku in the south-east South Island appeared 
to travel far (maximum distance of 1389 km over 10.2 years at liberty), whereas juveniles 
(<80cm) were more localized and often recaptured in the original tagged area (Beentjes & 
Francis 1999). Conversely, in Poor Knights Islands, no large-scale movement was recorded 
over all sizes, with 40% of recaptured hāpuku found in the original tagged area, and 80% within 
10 km (Beentjes & Francis 1999). Another tagging study in the Cook Strait found similar 
localised movement patterns with 39% of hāpuku recaptured in the original tagged area, 
without any relationship between sizes and distance travelled (Johnston 1983). The tagging 
studies and seasonality of catches suggest that this species may periodically migrate long 
distances to spawn in winter (Johnston 1983; Beentjes & Francis 1999). However, the exact 
locations of spawning sites are unknown. Therefore, research into their distribution in NZ is 
crucial to help address key knowledge gaps in understanding their movements. 
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Historical accounts during European colonisation suggest that hāpuku used to be significantly 
more numerous around the southern coastline (MacDiarmid et al. 2016). For example, a 
commercial fishery for hāpuku began in the 1860s off the Otago coast where hāpuku were once 
available close inshore, until they were overexploited and disappeared to deeper refuges where 
they are currently found (MacDiarmid et al. 2016). Historical accounts from the late 18th and 
early 19th century suggest that they used to feed in immense surface shoals in Fiordland 
(NIWA 2017). Although a species highly valued by fishers in the region, to our knowledge, 
there have been no studies of the distribution of hāpuku in Fiordland. Since the establishment 
of the Fiordland (Te Moana o Atawhenua) Marine Management Act (FMMA) in 2005, a long 
term biological monitoring programme has investigated spatial and temporal changes in 
densities of key indicator species across the different areas and levels of protection. 
Interestingly, there have been very few detections of hāpuku, with no detections recorded in 
previous surveys (e.g., Wing 2007, NIWA 2009, Wing 2010, 2014, 2017). 
Over the past two years, we deployed baited remote underwater videos (BRUVs) in Fiordland, 
as part of a project to investigate the distribution of coastal shark species. These data also 
provide a unique opportunity to investigate hāpuku distribution in Fiordland and to assess any 
spatial effects of protection. The aim of this study was therefore to determine the distribution, 
relative abundance, and approximate size of hāpuku encountered in the sampled locations, to 









2. MATERIALS AND METHODS 
2.1. STUDY SITES 
The following five marine reserves (MRs) and their designated control areas were sampled: in 
Doubtful/Bradshaw Sound, the Kutu Parera (Gaer Arm) MR (size=4.3 km2) and Taipari Roa 
(Elizabeth Island) MR (6.1 km2; Figures 2,3); in Dusky/Breaksea Sound, the Taumoana (Five 
Fingers) MR (14.5km2) and Moana Uta (Wet Jacket) MR (20.1km2; Figures 2,4), and in 
Preservation Inlet, the Te Tapuwae o Hua (Long Sound) MR (36.7 km2; Figures 2,5). All these 
MRs were established in 2005. Sampling took place between June 2018 and December 2019 
(Table 1). 
 
Table 1. Field locations, dates sampled, and the research vessels (R/V) used for this study in Fiordland, 
New Zealand. 
 
Locations Dates Research Vessels 
Doubtful Sound 10-28th June 2018 R/V Nemo 
Doubtful Sound 24th Feb-6th March 2019 R/V Mark Kearney 
Dusky Sound 26th March-4th April 2019 R/V Southern Winds 

















Figure 1. The research vessels used for deployment of baited remote underwater video in Fiordland: 

























Figure 2. Fiordland, New Zealand. The three study areas are labelled – Doubtful/Bradshaw Sound, 





Figure 3. Doubtful and Bradshaw Sound, Fiordland, New Zealand. The two sampled marine reserves 
– Kutu Parera (Gaer Arm) MR and Taipari Roa (Elizabeth Island) MR are labelled as well their 




Figure 4. Dusky and Breaksea Sound, Fiordland, New Zealand. The two sampled marine reserves – 
Taumoana (Five Fingers) MR and Moana Uta (Wet Jacket) MR are labelled as well their designated 
control areas. The exploratory deployment areas are also labelled. 
 
Figure 5. Preservation Inlet, Fiordland, New Zealand. The sampled marine reserve – Te Tapuwae o 




2.2. SAMPLING DESIGN 
In order to investigate the distribution of hāpuku in Fiordland, random sampling was carried 
out in the five MRs and adjacent control areas sampled. Control areas were designated to 
closely represent the MR habitat in terms of depth, distance to the fjord entrance, size, and 
orientation of the area (exposure to sunlight). Before each trip, a set of random co-ordinates for 
potential sampling points within each MR/control-area was generated using ArcGISv10.3 
(ESRI 2018). All potential sampling points were between 10m and 30m depth. Within each 
location, points were spaced >500m apart to minimise the likelihood of overlapping bait 
plumes. Control areas were at least 500m from the MR boundary to minimise confounding 
effects due to potential spillover from MRs. Exploratory sampling areas were generated in 
Doubtful Sound (Figure 3) and Dusky Sound (Figure 4) to investigate distribution of hāpuku 
away from MRs. The results from the exploratory deployments were not included in the 
analysis of MR effects. 
 
2.3. EQUIPMENT 
Baited remote underwater videos (BRUVs) were used to record and estimate the relative 
abundance of hāpuku (Figure 6). The BRUV system was adapted from Lewis (2019) and 
consisted of a rigid stainless steel frame (316 marine grade), with either two GoProTM Hero 4 
Silver or SJTM 5000x cameras mounted in waterproof housings, 40cm apart at a converging 
angle of about 8°. QudosTM 300 lumen LED lights were mounted on either end of the frame. 
To attract fish, a bait canister (with a standardised 500g of bait per deployment) was tied onto 
a 1m PVC pipe positioned in the cameras’ field of view, 1.2m beneath the frame. Nylon or 
wire ropes connected the BRUV system to the bait canister and to a 4lb fluke anchor below. 
The BRUV system was counter-weighted to float vertically in the water column with five 
gillnet floats attached above the frame, and conspicuous buoys at the surface (marked with 
contact information). This arrangement meant that the bait canister floated approximately 1m 
above the seabed. The bait type used was barracouta (Thyrsites atun), except for the December 
2019 trip when pilchard (Sardinella sirm) was used instead. Videos were recorded in 1080p at 






























The choice of which points to sample each day was made in the field based on suitable weather 
conditions. All research was conducted in sea states < Beaufort 4 and swell heights < 1m. Every 
BRUVs deployment was standardised to a soak time of one hour (the most common time for 
BRUVs deployment, Whitmarsh et al. 2017). 
 
 
2.4. VIDEO ANALYSIS 
BRUVs footage was watched in VLC media playerTM. All videos were reviewed by the same 
analyst (MH). A common metric known as “MaxN” (also referred to as “Max Count”) was 
used to estimate the relative abundance of hāpuku. The MaxN for each deployment was the 
maximum number of individual hāpuku in a still video frame at any one time. Relative 
abundances were standardised to the soak time, producing a rate of hāpuku sightings (MaxNh-
1). Mean relative abundance at each location was estimated by averaging the data from each 









Figure 7. An example of hāpuku (Polyprion oxygeneios) encountered in the BRUVs footage in the 




2.5. SIZE ANALYSIS 
An estimate of total length was carried out for each hāpuku encountered in the footage. Only 
individuals that had their total length visible from the rostrum to the caudal fin were measured. 
The 1m PVC pipe with 10cm increments was used as a reference (Figure 7). Individuals were 
classed into one of four size categories: 45cm-65cm, 65cm-85cm, 85cm-105cm, >105cm. 





A total of 192 deployments of BRUVs were systematically carried out between June 2018 and 
December 2019 in Fiordland, NZ. 92 deployments were completed in Doubtful/Bradshaw 
Sound, 80 in Dusky/Breaksea Sound, and 20 in Preservation/Chalky Inlet (Table 2). The 
deployments were approximately equally divided between MRs and control areas (Table 2). 
Exploratory deployments (20) were excluded from the MR analysis. 
 
3.1. DISTRIBUTION AND RELATIVE ABUNDANCE 
At least one hāpuku was detected in 9% of the 192 BRUV deployments in Fiordland. Hāpuku 
were most frequently encountered in Dusky/Breaksea Sound (16% of deployments), with only 
one detection in Doubtful Sound and no detections in Bradshaw Sound or Chalky/Preservation 
Inlet (Table 2, Figure 9). Over all deployments, the maximum number detected in a single 
frame of video (MaxN) ranged from 0 to 5 (median = 1, mean = 1.9). The majority of 
encounters were with solitary hāpuku (59% of the total encounters; Figure 10). 
In Dusky/Breaksea Sound, hāpuku were detected more often within the MRs compared to 
control sites (Table 2, Figure 8). This effect was particularly evident within the Moana Uta 
(Wet Jacket) MR, where over half (59%) of the deployments detected hāpuku, with the highest 
MaxN of five per deployment. Conversely, no hāpuku were detected within its control areas. 
In the Taumoana (Five Fingers) MR, there were more detections of hāpuku within the MR, 
with a highest MaxN of three per deployment (Figure 9). Only one deployment detected hāpuku 
in the Taumoana control sites at Cascade Cove, approximately 12 km south of the MR. This 
deployment detected five individuals and was the only control deployment within this study to 
detect hāpuku. The exploratory deployment in Supper Cove, in the southeast of Dusky Sound, 









Table 2. Summary of BRUV deployments for investigation of hāpuku (Polyprion oxygeneios) 
distribution within marine reserves and their control areas in Fiordland, New Zealand. Encounter rate 
is the proportion of deployments in which at least one hāpuku was detected. Highest and mean MaxN 


























Figure 8. Mean relative abundance (mean MaxNh-1) of hāpuku (Polyprion oxygeneios) across the MRs 




Locations Deployments Encounter rate (%) Highest MaxN Mean MaxNh-1 (SE) 
Gaer Arm MR 









Elizabeth Is. MR 









Wet Jacket MR 









Five Fingers MR 









Long Sound MR 

















































Figure 9. Distribution and relative abundance of hāpuku (Polyprion oxygeneios) detected during 
deployments of BRUVs in (A) Doubtful/Bradshaw Sound and (B) Dusky/Breaksea Sound, Fiordland, 
NZ. Blue shaded areas show the marine reserves sampled. The number of individuals are included. 


















Figure 10. Frequency of the relative abundances (MaxNh-1) during BRUV deployments in which 
hāpuku (Polyprion oxygeneios) were detected, across the marine reserves, control sites, and exploratory 
areas in Fiordland, New Zealand.  
 
3.2. LENGTH ESTIMATES  
Estimates of total length were obtained for 29 of the 33 hāpuku we attempted to measure. The 
most frequently encountered size category was 45-65 cm (45% of all individuals), followed by 
65-85 cm (38%) and 85-105 cm (17%; Figure 11). All of the largest individuals were 
encountered in MRs, mainly in the Moana Uta MR (3 individuals), with one individual in the 
Taipari Roa (Elizabeth Island) MR, and one in the Taumoana MR. The smallest individual was 
approximately 45cm in total length and was located in the Moana Uta MR. Half the encounters 















Figure 11. Frequency of the estimated total lengths (cm) of hāpuku (Polyprion oxygeneios) in the 
following size categories: 45-55cm, 65-85cm, 85-105cm, >105cm, detected during deployments of 
BRUVs across the marine reserves, control sites, and exploratory areas in Fiordland, New Zealand. 















































4.1. DISTRIBUTION PATTERNS  
Hāpuku were detected during 9% of 192 deployments of BRUVs in Fiordland. To our 
knowledge, this is the first attempt to quantify their current distribution in the region. Hāpuku 
were most commonly detected in Dusky/Breaksea Sound, with only one detection in Doubtful 
Sound, and no detections in Long Sound. They were found in both the outer, shallower coastal 
habitats in Dusky Sound, and in the inner fjord habitats in the Moana Uta MR. Although usually 
known to occur in deeper waters (Morrison et al. 2014), we successfully detected hāpuku in 
shallow waters of 10-30 metres, and in the majority of deployments in the protected habitats in 
the Moana Uta MR. Therefore, these observations could be an indication of their natural depth 
ranges in Fiordland before exploitation by commercial and recreational fishing. Further 
sampling of deeper habitats in Fiordland (>30m) is recommended to determine whether higher 
densities of hāpuku occur at greater depths. 
 
4.2. AGE AND MATURITY INFERENCES 
Of the 29 individual hāpuku for which we could estimate total length, 25 were smaller than 
85cm. Hāpuku in NZ are thought to reach maturity at 80-85cm (Francis et al. 1999; Morrison 
et al. 2014), so the vast majority of individuals we encountered in Fiordland were likely to be 
immature. However, there is regional variation in length at maturity for hāpuku. For example, 
in Western Australia, 50% of hāpuku are believed to reach sexual maturity at 76 and 70 cm 
total length (females and males respectively; Wakefield et al. 2010). Further research on life-
history characteristics of hāpuku in Fiordland is required to confirm size at maturity. In the 
most abundant area, the Moana Uta MR, half of the measured hāpuku were under 65cm. Due 
to the high frequency of smaller sized hāpuku and the higher abundances observed, this area 
may thus provide an important nursery for juveniles. Tagging studies in other parts of the South 
Island have demonstrated that juveniles have more restricted home ranges than adults (Beentjes 
& Francis 1999). Therefore, a moderately sized coastal MR such as the Moana Uta MR (20.1 
km2), may offer an important refuge from fishing pressure. Adults (>85cm) are thought to be 
most abundant at deeper depths, around 100- 300 metres (Morrison et al. 2014). In the Moana 
Uta MR, only three individuals were found to be greater than 85cm and only five individuals 
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in the whole study. Further sampling would be required to investigate whether higher densities 
of mature hāpuku are present at greater depths in Fiordland. 
 
4.3. POTENTIAL EFFECT OF MARINE RESERVES 
It is evident that hāpuku are frequently utilising the Moana Uta MR. This area had the highest 
abundance of hāpuku, as well as the most pronounced (positive) MR effect. These observations 
support reports of an increase in anecdotal sightings within this area (personal communication 
from Richard Kinsey, Department of Conservation). There are a number of plausible reasons 
which could explain the comparatively high encounter rates detected in Moana Uta MR. Firstly, 
hāpuku may benefit directly from the prohibition of fishing in the MR. In Dusky and Breaksea 
Sound, hāpuku are a recreationally sought-after species. The Moana Uta MR provides a direct 
release from fishing pressure, which could result in higher abundances. Other studies in NZ 
have demonstrated positive effects on both abundance and size of previously exploited species 
in MRs (e.g., Kelly et al. 2000, Davidson et al. 2013, Smith et al. 2014). A previous survey in 
2010 did identify higher abundances of blue cod in the Moana Uta MR compared to 
unprotected habitats in Breaksea Sound (Wing & Jack 2010), and since then there has been a 
further decade of protection. Secondly, given that hāpuku prey upon blue cod and a range of 
other species, they may be attracted to the MR because of the indirect benefit of an increase in 
prey, as well an increase in ecosystem health. Research in NZ MRs has demonstrated structural 
changes in habitat and increased community resilience due to the effects of protection (Shears 
& Babcock 2002; Langlois et al. 2006). Furthermore, research outside of NZ has demonstrated 
the indirect benefits MRs can provide for mobile predators. For example, reef sharks were 
found in greater abundances in a MR in Fiji, probably due to greater prey densities (Goetze & 
Fullwood 2013). An increase in prey abundance such as tarakihi and blue cod, which are also 
highly sought-after species in the region, could be attracting hāpuku into the MR, resulting in 
these observations.  
 
The characteristics of the Moana Uta MR, in terms of size and age, may be a key factor in 
supporting these reasons outlined. The Moana Uta MR covers an area of 20.1 km2, the whole 
of the Moana Uta fiord, and has been a protected area for 14 years. The effectiveness of a MR 
for a targeted species partly depends on whether its home range is found within the extent of 
protection (e.g., Weeks et al. 2017). Otherwise, individuals that move beyond the MR are 
exposed to threats and are thus only partially protected (Kramer & Chapman 1999). The Moana 
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Uta MR may therefore offer protection to hāpuku with small home ranges, and has been in 
place for sufficient time to allow these populations to recover. Although encouraging, it should 
be noted that the control site with which relative abundances of hāpuku were compared was 
located in a different arm of the fiord. Even though there appears to be a spatial effect of 
protection, further sampling is necessary to investigate whether higher densities in the Moana 
Uta MR may also be attributed to preferences for particular habitat in that area. 
 
In the other MRs sampled, the detection rates were low (Table 2), which precludes conclusions 
about their effect on hāpuku distribution. However, there was evidence for a positive effect in 
the Taumoana (Five Fingers) MR and the Taipari Roa (Elizabeth Island) MR, given that the 
relative abundances were higher at MR sites compared to controls. Further work is required to 
confirm whether hāpuku benefit from protection of MRs in Fiordland. A more comprehensive 
study encompassing deeper habitats may yield a more accurate representation of their 
distribution in the region, which may help to elucidate the effects of the MRs. 
 
4.4. BRUVS VS UNDERWATER VISUAL CENSUS 
Given the number and frequency of hāpuku detected in the Moana Uta MR (59% of total 
deployments) and their detections observed throughout Dusky Sound, it is interesting that 
previous surveys of MRs in Fiordland had no records of hāpuku (e.g., NIWA 2009, 2014, 
2017). The previous surveys employed underwater visual census (UVC), which can yield 
biased estimates depending on the behavioural response (i.e. attraction or avoidance) of the 
fish species to the presence of divers (Colton & Swearer 2010). Although BRUVs have their 
own inherent biases, they can address some of the limitations of UVC, for example by 
increasing probability of detection for more mobile predators (Colton & Swearer 2010). Our 
results suggest that BRUVs offer an effective alternative sampling methodology for more diver 
averse species in Fiordland. They could be a useful addition to complement current MR surveys 
to further our understanding of the effects of protection in Fiordland. A number of the BRUVs 
deployment sites replicated previous NIWA (National Institute of Water and Atmospheric 
Research) dive sites for the MR comparison, particularly in the Taumoana area. Therefore, a 
further analysis of these data could be useful to assess the difference in species abundance and 
diversity recorded between the two different techniques, to help elucidate their strengths and 
weaknesses and complementary capabilities. 
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4.5. CAVEATS AND LIMITATIONS 
Attempts were made in this study to address spatial biases in sampling. For example, sampling 
points were allocated randomly and the methods used inside/outside of the MRs were 
standardised. However, there could be inherent differences between MR and control sites due 
to differences in habitat that could not be accounted for in the sampling design. Further studies 
on the effects of protection should allow for those potential differences. Given that sampling 
was conducted in summer and early autumn in Dusky Sound, where the majority of detections 
were made, we were unable to draw conclusions about potential seasonality in distribution of 
hāpuku. It would be useful to know how seasonality and spawning events affect distribution of 
hāpuku in the region. It would also be useful to sample at a wider range of depths to investigate 
the effects of depth on relative abundance and size structure of the population. The abundance 
metric employed in this study (“MaxN”) is commonly used for analysing BRUV data, and 
should yield unbiased estimates of relative abundance at different sampling sites (Whitmarsh 
et al. 2017). However, as different individuals may not all appear concurrently in the field of 
view, it almost certainly provides an underestimate of the true abundance present (Schobernd 
et al. 2014). Investigation of methods to distinguish between individual hāpuku could mitigate 
this bias. We also acknowledge the limitations of size estimation using the length pole as a 
reference. Because the length pole was marked with 10cm increments, it was not possible to 
obtain precise estimates of length. Furthermore, unless individuals were exactly aligned with 
the length pole at the same depth as the pole, then errors in size estimation may have occurred. 
Consequently, individuals were classed into general size categories to account for these 
limitations. We would recommend using stereo-photogrammetry or sizing-lasers to gain more 




This study provided an insight into the previously unstudied distribution of hāpuku within 
Fiordland. It has contributed to understanding the region’s biodiversity and offered an 
alternative and complementary approach for monitoring elusive marine species within the 
Fiordland (Te Moana o Atawhenua) Marine Area. Our results suggest that the Moana Uta MR 
may provide important habitat for juvenile hāpuku. Further work is necessary to investigate the 
potential recovery of hāpuku in Fiordland and the protection afforded by MRs. 
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